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Summary 

The blast-wave flows both outside and inside a power house of a 
nuclear-power generating station, from an accidental explosion of an 
explosive like TNT or its equivalent during transportation past the 
power house by a train, are studied numerically and assessed with an 
appropriate model. Detailed descriptions of both the prediction model 
and numerical method of solution are given, as weIl as an interpreta­
tion of numerical results. The blast-wave flow into the power house 
through blow-out panels in the front wall is investigated, including 
the resulting flow inside the power house that travels through the 
turbine hall, through the turbine auxiliary bay, over the reactivity 
deck, through the reactor building, and, in some cases, down through a 
hoistway to three small rooms on the next lower level. Breaking blow­
out panels in the rear wallof the power house and their effects on 
the internal blast-wave flow is also investigated. Two different flow 
paths are considered, one through an upper level of the power house 
and another through a lower level. Finally, the blast-wave flow over 
the outside of the power house is studied, with an approximate model, 
so that the pressure differences from the blast wave between the inside 
and outside of the roof, side walIs, front wall, and rear wall can be 
determined and the resultant blast-wave loading on the building walls 
thereby obtained. 
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1. INTRODUÇTION 

1.1 Background Information 

The Darlington Nuclear Power Generating Station that is now being built 
by Ontario Hydro in the township of Newcastle (80 km directly east of Toronto. 
Ontario. Canada) is located about 495 m away from a major train transportation 
line of Canadian National Railroads (CNR). Because a train may legally trans­
port explosives in a combined quantity having a maximum yield equivalent to 
61.500 kg of trinitrotoluene (TNT). there exists a very remote but nonetheless 
finite possibility of an accidental chemical explosion occurring at the CNR 
railroad tracks near the Darlington Generating Station. In order to provide 
the necessary blast protection to the nuclear power plant buildings. as weIl as 
equipment and personnel located inside the buildings. from the very remote 
event of such an explosion. these buildings with their many components must be 
designed to be resistant to air blast. In other words. they must be designed 
adequately to withstand some reasonable maximum blast-wave loading with rela­
tively little or no substantial damage. Criteria for the maximum blast-wave 
loading and permissible damage that can be tolerated are generally specified by 
some government body or safety committee. such as the Atomic Energy Control 
Board of Canada. and these government guidelines or regulations are followed by 
Ontario Hydro in the design of the nuclear power plant. 

An illustration of the Darlington Generating Station appears in Fig. 1. 
where a spherical blast-wave front from a hypothetical explosion at the tracks 
of the Canadian National Railroad (not shown) is depicted just prior to its im­
pending interaction with the Station. The direction of the incident blast wave 
is indicated. Furthermore. an illustration of the blast wave interaction with 
the Darlington Generating Station power house is presented in Fig. 2. Outside 
the power house the incident blast-wave front and its reflection from the walls 
of the building are depicted. whereas inside the building the interior blast 
wave is sketched. which enters the building through the blow-out panel openings 
in the front wall facing the explosion. 

The problem of predicting the characteristics of the incident blast wave 
at the site of the Darlington Generating Station power house has already been 
studied by Ontario Hydro [1-2]. and this work has been reviewed recently [3]. 
Since these studies. however. new and relevant data of the characteristics of 
blast waves at various distances from the explosion of TNT and other explosives 
like mixed ammonium nitrate and fuel oil (ANFO) and a stoichiometrie mixture of 
the gases propane and oxygen (PO) have become available [4-5]. which are used 
in the present study. Finally. the problem of the prediction of the blast-wave 
loading on the front. roof. sides. and rear of the power house has also been 
undertaken at Ontario Hydro [1-2] and also reviewed [3]. based on previous work 
involving the blast-wave loading from nuclear and chemical weapons explosions 
on different types of civilian and military buildings and equipment [e.g •• see 
reference 6]. 

Most of the previous Ontario Hydro work [1-3] was directed at obtaining 
the pressure loading from the blast wave on the outside of nuclear power-plant 
buildings; that is. on the building front. roof. sides. and rear. From infor­
mation of this type the crushing and rocking forces on the building can then be 
determined. In these analyses. no provision is made to include the effects of 
the blast wave on pressurizing the building interior from its entrance through 
open or smashed doors. through partly collapsed walls or the roof. and through 
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large broken blow-out panels in the side walis. Including pressurization of 
the building interior can be fairly important. For example. it can partly or 
even totally counter the blast-wave overpressure applied to the outside of the 
building. thereby reducing the resultant loading on some or all parts of the 
building. as weIl as reducing the crushing and rocking forces. Furthermore .• 
equipmen·t. instrumentation. and personnel that are located or working inside 
the building may actually be exposed to the blast wave. an important effect 
that might otherwise have been simply ignored or overlooked. 

The power house of the Darlington Generating Station has many blow-out 
panels located in the front wallof the turbine hall which faces the railroad 
tracks where the accidental explosion might occur. Blow-out panels are located 
also in the rear wallof the power house - in the exterior wallof the reactor 
auxiliary bay. These blow-out panels are included in the design of the power 
house to minimize effects of a possible explosion occurring inside the power 
house. from a steam pipeline rupture for example. However. in the extremely 
remote event of an accidental explosion of the equivalent of 61.500 kg of TNT 
occurring at the railroad tracks. 495 m away. the blow-out panels in the front 
wall facing the explosion would undoubtedly be broken by the blast wave and 
blown into the turbine hall. The blow-out panels in the rear wall mayalso be 
broken by the blast wave and blown into the reactor auxiliary bay. This would 
result in the transient pressurization of the interior of the power house by 
the portion of the blast wave that travels into the power house through these 
blow-out panel openings. The rate of pressurization of the power house would. 
of course. be dependent on a number of different factors. such as the strength. 
shape. and duration of the incident blast wave. the degree of reflection at the 
front wall. the time for the blow-out panels in the front and rear walls to 
break and open. as weIl as the total area of the blow-out openings relative to 
the cross sectional area of the adjacent room. 

1.2 Project Objectives 

The major objectives of the present investigation are summarized briefly 
as follows: 

a) predict the nonstationary blast-wave flow inside the Darlington 
Generating Station power house with an appropriate one-dimensional 
nonstationary flow analysis developed for this particular purpose. 
to obtain the blast-wave pressure loading inside the power house. 

b) predict the transient blast-wave pressure loading on the outside 
of the power house. by using an approximate analysis like that 
presented in Refs. 1. 2 and 6. 

c) determine the resultant blast-wave loading on the building front. 
roof. sides. and rear of the power house. from the difference in 
transient blast-wave pressures between the outside and inside of 
the powe r house. 

In order to meet these major objectives. some important supporting tasks have 
to be undertaken and completed first. These are listed briefly as follows: 

a) develop an appropriate numerical analysis for the one-dimensional 
nonstationary blast-wave flow inside the Darlington Generating 
Station power house. which includes the flow through area changes 
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with associated head losses. as weIl as the effects of friction 
from the flow at the power-house walls and heat transfer from the 
flow to the power-house walis. 

b) develop an appropriate geometrical model of the interior of the 
power house. through which the blast wave travels inside the 
building. which is the flow area variation with distance required 
for the numerical analysis of the blast-wave flow inside of the 
power house. 

c) define all of the properties of the blast wave incident on the 
power house from the explosion of a 61.S0o-kg hemispherical charge 
of TNT at the railroad tracks. 49S m away from the power house. 
which is the major part of the initial conditions required for the 
numerical analysis to commence the blast-wave flow computations 
inside the power house. 

d) apply a suitable analysis to obtain the dynamic response and 
breaking of the blow-out panels. when subjected to the initiàl 
blast-wave loading on the power-house front. in order to obtain a 
good estimation of the characteristic time for the blow-out panels 
to completely break and open. which is required for the numerical 
analysis of the blast-wave flow inside the power house. 

e) select suitable coefficients or factors for head losses resulting 
from area changes (both area reductions and area enlargements). 
head losses due to friction. and heat transfer due to temperature 
differences existing between the blast-wave flow and the interior 
walls of the power house. 

f) develop a suitable approximate analysis - like that presented in 
Refs. 1. 2 and 6 - to predict the blast-wave loading on the out­
side walls and roof of the power house. in order to determine the 
blast-wave pressure loading on the exterior walls and roof of the 
power house. 

g) develop appropriate computer programs based on the analysis and 
then produce numerical results required as part of the solution to 
the problem under consideration. 

h) provide a discussion with an interpretation of the final numerical 
results. in regard to the problem under consideration. 

Details of these tasks and the final numerical results. discussion and inter­
pretation are presented in the following chapters. An introduction to most of 
these chapters is also given for readers who want only an overview. without 
having to read through all of the details. 

2. NUMERJCAL ANALYSIS OF THE BLAST-WAVE FLOW INSIDE THE POWER HOUSE 

2.1 Introduction 

Th. partial differential equations of mot ion (continuity. momentum and 
energy) along with the thermally perfect equation of state for one-dimensional. 
nonstationary. compressible gas flows in pipes or ducts with area changes. head 

3 



losses due to area changes. head losses from friction between the gas flow and 
duct walis. and heat transfer from the gas flow to the duct walls are presented 
and discussed in this chapter. It is worth mentioning here at the start which 
numerical method is employed to solve the present problem of the blast-wave 
flow inside the Darlington Generating Station power house. The solution method 
incorporated in this study is now fairly weIl known as the random-choice method 
(ReM). and it is of recent origin and unique. and it has important advantages 
over other finite-difference and finite-element methods. The ReM was invented 
formally in about 1965 by Glimm [7]. who published it in a very mathematical 
format unfamiliar to most engineers and physicists. and it was not employed to 
solve engineering and other problems until much later. mostly because of the 
format but aiso partly because the numerical results from the method contained 
unacceptable levels of numerical noise. Chorin [8] overcame this latter dif­
ficulty in about 1976. by recognizing that it was best to choose only one ran­
dom number for all calculations between grid zones at one time level instead of 
one new random number for each calculation. Also. he selected a better random­
number algorithm to help reduce numerical noise [9-10]. Such improvements made 
the method practicabIe for solving engineering and other problems. He was also 
the first to apply the method to obtaining meaningful solutions to engineering 
gas flow problems in ducts of constant area. Shortly thereafter in about 1977. 
Sod [11] extended the RCM for solving only planar flow problems such that other 
complex cylindrical and spherical flow problems could also be solved. as weIl 
as flow problems with gradual area changes in pipes and ducts. by introducing 
the relatively new but fairly well-known operator-splitting technique to the 
ReM. Sod's technique is also employed in the present study. 

The ReM is a first-order. explicit. numerical scheme that repeatedly 
solves a Riemann or shock-tube problem between adjacent grid points. in order 
to get the solution at the next time level. This method is highly suitable for 
solving systems of hyperbolic equations. if the Riemann problem can be defined 
simply. such as for the gasdynamics equations of mot ion. The numerical results 
show that shock-wave fronts and contact surfaces are weIl defined with sharp 
fronts. because the method does not employ any explicit or implicit artificial 
viscosity and does not have implicit or explicit numerical viscosity. These 
are definite advantages over other finite-difference and finite-element methods 
that smear out discontinuities. if sharp or discontinuous shock and contact­
surface fronts are needed or even desired. Also. the RCM is relatively simpie. 
relatively easy to learn and program. and not terribly inefficient in terms of 
computational costs. A detailed explanation of this method and its specific 
characteristics can be found in previously noted references [7-9. 11] and also 
especially in a UTIAS report by Saito and Glass [12]. Finally. it is worth 
mentioning that the RCM has been employed successfully in sol ving a number of 
unsteady flow problems at UTIAS since 1979 [5. 10.12-23]. A number of these 
past studies are relevant to the present problem of the blast-wave flow inside 
the Darlington Generating Station power house [5, 10, 12-13, 16-19]. The ReM 
is weIl established, therefore. and it can now be applied successfully and with 
much confidence in the present study. 

In this study the blast-wave flow inside the Darlington Generating 
Station power house is assumed to be both time dependent and one-dimensional, 
that is. the flow is firstly nonstationary and secondly depends on only one 
spatial dimension. This does not mean that the unsteady flow is assumed to be 
planar. The flow is assumed to be one-dimensional only in that it travels 
through both constant-area ducts and nonuniform-area ducts for which the area 
is a function of only linear distance. For th is assumption to be realistic for 
actual flows, the area changes would have to be both smooth and gradual, which 
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is assumed for the current study. The effects of head losses from actual area 
changes will, of course, be employed in the numerical prediction of the actual 
nonstationary blast-wave flow. 

It is worth mentioning here that the actual blast-wave flow inside the 
power house would, of course, be three-dimensional; that is, it would depend on 
three spatial dimensions. However, the flow is modelled in the present study 
as one-dimensional for the following reasons. Firstly, the numerical solution 
for three-dimensional nonstationary flows, as weIl as that for two-dimensional 
flows, requires large-storage and high-speed computers, which are generally not 
available. Secondly, the computational times and costs that are required to 
solve such complex flow fields are normally prohibitive. Thirdly, and very 
importantly, the assumption that the blast-wave flow inside the power house is 
one-dimensional is sufficiently good ' to provide arealistic solution to the 
problem under consideration. 

2.2 Differential Eguations of Nonstationary Gas Motion 

The continuity, momentum and energy equations for one-dimensional, non­
stationary, compressible gas flows in channels, pipes or ducts with area tran­
sitions or changes, including the effects of head losses from area changes, 
head losses from friction, and heat transfer from the flow to the tube walls 
are [13, and 24-25] 

h (p) + a (pu) 1 dA (pu) (2.1) ox Adx , 

h (pu) + a (pu2 + p) = _ 1 dA (pu2 ) Fhl Ff ' (2.2) äX A dx 

h (e) + a (ue + up) = 1 dA (ue + up) + Q , (2.3) rx XOx 

where p, p, u, e, x, and t denote the static pressure, density, flow velocity, 
total energy per unit volume, distance, and time, respectively. Also, A, Ff' 
Fhl' and Q denote the local flow or duct area, body force from friction per 
unit volume, body force from head loss per unit volume, and heat transfer per 
unit volume, respectively. 

The total energy e is the sum of both the internal energy pCvT and the 
kinetic energy pu2/2, where Cv and T are the specific heat at constant volume 
and the temperature. This sum is conveniently re-expressed as 

p 
e <r 1) 

+ (2.4) 

where r is the gas specific-heat ratio. Equations 2.1 to 2.4 are completed by 
the thermal equation of state for a perfect gas, that is, p = pRT. 

Although the basic, governing equations of the nonstationary flow are 
given by Eqs. 2.1 to 2.4, supplementary expressions are also required for the 
specification of the area change with distance, head losses from area changes, 
head losses due to friction, and heat transfer from the gas flow to the duct 
walis. These supplementary equations are presented in the following sections, 
where the basic details of their origin and meaning are illustrated. In some 
cases, additional or alternate expressions that are not used in the numerical 
analysis are also presented for completeness of the subject matter. 
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2.3 Supplementary Eguations for Area Changes 

To numerically solve the governing flow equations (Eqs. 2.1 to 2.4) the 
specific variation of area with distance A(x) is required. For th is purpose 
the following function for an area change, 

A(x) = Au exp[ln(Ad/Au)1/2 (1 - eos(nx/L})] , (2.5) 

whieh was seleeted by previous authors [10 and 16-19], is also used here. In 
this expression, Au and Ad are the upstream and downstream areas, respeetively, 
and L is the length of a particular area change seetion. From this equation, 
note that at x = 0 we have A = Au, whereas at x = L we have A = Ad. This type 
of funetion is used beeause 

1 dA Arx = (n/2L) ln(~/Au) sin(nx/L) (2.6) 

is both symmetrie and smooth, and it results in a reduetion in numerical noise 
in the eomputed flow properties as eompared to other variations of area that 
were tried previously. 

In the present investigation the blow-out panels in the front wallof 
the power house are assumed to open linearly with time, and the eharaeteristie 
opening time is determined in chapter 5. A linearly inereasing area A(x,t) in 
time is easily incorporated in the numerical solution of Eqs. 2.1 to 2.4, by 
simply resetting this opening area at the location of the blow-out panels to 
that desired at eaeh new time step. Beeause the area opening of the blow-out 
panels is a funetion of time, this would normally mean that the time-dependent 
term (-p/A)dA/dt should be included in the eontinuity equation given previously 
by Eq. 2.1 [24-25]. This term is not ineluded in the eontinuity equation in 
this study for the following reasons. Although the area opening for the blow­
out panels is taken to increase linearly with time in the analysis, the actual 
duet area and duet volume do not inerease with time in the actual case of the 
blast-wave flow in the power house. Although the blow-out panels do bend and 
break, they do not disappear and generate any additional volume for the blast­
wave flow to move into and thereby oeeupy. Consequently, the additional term 
given by (-p/A)dA/dt, whieh accounts for duet area and volume changes, is not 
and should not be ineluded in the present analysis. 

2.4 Supplementary Eguations for Head Losses due to Area Changes 

In order to solve Eqs. 2.1 to 2.4, expressions for head losses due to 
area changes are required. Head-loss expressions are needed for area changes 
whieh consist of monotonie area reduetions only, monotonie area enlargements 
only, and the combination of an equal eontraetion and expansion that essenti­
ally forms a perforated plate. These expressions are presented and diseussed 
in the next three subsections. 

Monotonie Reductions in Duet Area 

Monotonie area reduetions are eneountered by the blast-wave flow inside 
the power house, as it propagates from one room or space of a eertain cross­
sectional area to another room or ehannel with a smaller cross-seetional area. 
Of course, if the eonvergenee in area from one room to the next is relatively 
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smooth and gradual in practice, then the head loss is negligible, for all prac­
tical purposes, and the head loss for this area reduction need not be included 
or considered. However, for the blast-wave flow inside the power house this is 
generally not the case, and head losses at most area reductions need to be 
included in order to get realistic predictions of the flow inside the building. 

Bead losses for area reductions can be expressed in general terms as an 
equivalent body force per unit volume Fhl [24-28], which appears in the momen­
tum equation presented earl ier (Eq. 2.2). The body force per unit volume Fhl 
or Fhl(x) is assumed to act over a finite distance Ax just downstream of this 
reduction [16]. This body force per unit volume can now be expressed in terms 
of an associated or corresponding pressure drop or head loss APhl as 

Ax 
(2.7) 

APhl 
= = 

where Ax is the total duct length of distributed area A(x) and volume V(x) over 
which the head loss is distributed just downstream of the area reduction. 

From experimental data for steady flows the head loss can be expressed 
as [26-27] 

= (2.8) 

where ko is the head-loss factor or coefficient and Puuu2/2, Pu' and Uu are the 
dynamic pressure, density, and flow velocity of the flow upstream of the area 
reduction, respectively. The head-loss factor for an area contract ion depends 
on the downstream-to-upstream area ratio Ad/Au, and values of this factor for a 
sudden area contraction are given in the following table [27]. . 

Ad/Au 0.00 0.01 0.09 0.25 0.49 0.81 1.00 

ko 0.50 0.47 0.42 0.33 0.22 0.03 0.00 

If the area contract ion is not sudden but is rather slightly rounded, then the 
values in this table should be reduced by a factor of two. For other degrees 
of roundedness other appropriate factors can, of course, be used. Note that a 
curve fit can be readily applied to the head-loss factor as a function of the 
downstream-to-upstream area ratio, such that head-loss fac·tors can be obtained 
easily for any area ratio. The use of a cubic spline is one efficient means of 
achieving this curve fit, and the highly suitable cubic-spline method given in 
Ref. 29 is employed in this study. r 

It is worth mentioning here that the head loss for an . area reduction 
that is quite short is the dominant head loss, and that . due to friction is not 
significant [26]. For all of the area reduetions eneountered by the blast-wave 
flow in the power house, the area reduetions are more than suffieiently short 
that the additional negligible effects from friction need not be eonsidered. 

Monotonie Enlargements in Duet Area 

Monotonie area enlargements are eneountered by the blast-wave flow 
inside the power house, as it propagates from one room or spaee of a eertain 

7 



cross-sectional area to another room or channel with a larger cross-sectional 
area. Even for smooth and gradual area enlargements these head losses have to 
be taken into account, in order to get realistic predictions of the flow inside 
the build ing. 

Head losses for area enlargements can again be expressed quite general­
ly in terms of an equivalent body force per unit volume Fhl [24-28], which is 
in the momentum equation presented earlier (Eq. 2.2). The body force per unit 
volume Fhl or Fhl(x) is assumed to act over a finite length Ax just downstream 
of this enlargement [16]. This body force per unit volume can once again be 
expressed in terms of a corresponding pressure drop or head loss APhl as 

APhl 
= Ax 

(2.9) = 

where Ax is the total duct length of distributed area A(x) and volume V(x) over 
which the head loss is distributed just downstream of the area enlargement. 

From experimental data for steady flows the head loss can once again be 
expressed as [26-27] 

= (2.10). 

where ko is the head-loss factor or coefficient and Puuu2/2, Pu' and Uu are the 
dynamic pressure, density, and flow velocity of the flow upstream of the area 
enlargement, respectively. The head-loss factor for an area increase depends 
generally on the upstream-to-downstream area ratio Au/Ad and the divergence 
angle of the area enlargement [26-27]. For a relatively short enlargement the 
head-loss factor is independent of the divergence angle and given simply by 

= [1 (2.11) 

This expression is used in the numerical analysis because the area enlargements 
that the blast-wave flowencounters in the power house are typically short. If 
this were not true the divergence angle would then become another parameter of 
importance. Tabulated head-loss factors versus area ratio and divergence angle 
can be found in Ref. 26. 

It is worth mentioning here that the head loss for an area enlargement 
that is quite short is the dominant head loss, and that due to friction is not 
significant [26]. For all of the area enlargements encountered by the blast­
wave flow in the power house, the area enlargements are sufficiently short that 
the additional negligible effects from friction need not be considered. 

Openings due to Broken Blow-Out Panels 

Af ter the blast wave that is incident on the power house breaks open the 
blow-out panels in the front wall, part of the blast-wave flow enters the power 
house through these ppenings, which are increasing in area with time until they 
are fully open. The wall with these openings acts much like a perforated plate 
to the entering blast-wave flow, for which the porosity is increasing in time 
to its maximum value. Head losses associated with the blast-wave flow through 
this 'perforated plate' can be highly significant, and they must, therefore, be 
included in the numerical analysis to get realistic predictions of the flow 
inside the power house. 

8 



Head losses for perforated plates can again be expressed quite general-. 
ly in terms of an equivalent body force per unit volume Fhl [24-28). which are 
in the momentum equation presented earlier (Eq. 2.2). Tbe body force per unit 
volume Fhl or Fhl(x) is assumed to act over a finite length Ax just downstream 
of this perforated plate (16). This body force per unit volume can again be 
expressed in terms of an associated or corresponding pressure drop or head 10ss 
APhl as 

= = (2.12) 

where Ax is the total duct length of distributed area A(x) and volume V(x) over 
which the head loss is distributed just downstream of the perforated plate. 

From experimental data for steady flows the head loss for a perforated 
plate can again be expressed as (26) 

= (2.13) 

where ko is the head-loss factor or coefficient and Puuu2/2. PU' and Uu are the 
dynamic pressure. density. and flow velocity of the flow upstream of the per­
forated plate. respectively. The head-loss factor for a perforated plate is 
generally dependent on a number of factors: 

a) porosity ratio a. defined as the ratio of the total area of all of 
the holes or orifices in the plate to the total duct area upsteam 
or downstream of the perforated plate. 

b) entrance corners of the orifices. whether they are sharp-edged. 
rounded. or bevelled. 

c) thickness ratio. defined as the plate thickness divided by the 
orifice diameter. 

d) Reynolds number. based on both the flow velocity in the orifice and 
the orifice diameter. and 

e) upstream Mach number of the approaching flow. 

The relative importance of these various effects on the value of the head-loss 
coefficient is illustrated in Ref. 26. 

In the present study the expression for the head-loss coefficient ko is 
taken to be 

= (2.14) 

where a is the porosity ratio defined earlier. This particular expression is 
selected because it is assumed that the breaking of the blow-out panels will 
lead to a high level of turbulence and rough flow. and the Reynolds number of 
the blast-wave flow through initially small cracks or openings will be quite 
large. Hence. the above expression is chosen because it corresponds to sharp­
edged orifices in the plate. which leads to the highest head loss. This seems 
to be the most appropriate expression that represents experimental data given 
in Ref. 26. Finally. because the blast-wave flow velocities that are expected 
inside the power house are relatively small. no correction is needed or applied 
for high Mach number effects. 
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2.5 Supplementary Eguations for Head Losses due to Friction 

Friction from the blast-wave flow over the interior walls of the power 
house and over internal objects is not expected to play a dominant role and be 
an important effect. because the hydraulic diameters of the rooms in the power 
house are extremely large and the propagation distances are relatively short. 
However. friction is included in the numerical analysis. such that its effects 
can be assessed. 

In order to solve Eqs. 2.1 to 2.4. the frictional body force per unit 
volume must be known. and its determination will now be discussed. The effects 
of friction are averaged across the duct flow. or included in a one-dimensional 
sense. In the momentum equation (Eq. 2.2). Ff is the frictional body force per 
unit volume. For friction the pressure drop along a constant-area duct. over a 
finite length Ax. is defined as [24-28] 

= (2.15) 

where f is the Darcy-Weisbach friction factor. dh is the hydraulic diameter of 
the pipe or duct. and pu2/2 is the local dynamic pressure. The pressure drop 
in the flow direction is related to the body force per unit volume for friction 
according to the following expression 

= = 
APf 
Ax 

(2.16) 

where A(x) is the cross-sectional area of the duct and V(x) is the volume of 
the duct contained in the distance Ax. 

For laminar pipe flows it is known that the friction factor f depends on 
the Reynolds number Re only and is given by [25-28] 

f = 64/Re • (2.17) 

where Re = pudh/~ is based on the hydraulic diameter dh' gas density p. flow 
velocity u. and dynamic viscosity ~ (or the coefficient of dynamic viscosity). 
For turbulent flows the friction factor f depends on the Reynolds number Re and 
the relative roughness a/dh of the pipe or duct wall. where e is the absolute 
wall roughness [26-28]. A semi-empirical correlation 

-1/2 
f = _ 2 log [ 2.51 

Re fl/2 

of Colebrook [27] is used in the present study. 

+ a/dh ] 
3.70 

(2.18) 

The dynamic viscosity ~ that is required for the calculation of the 
Reynolds number Re is a function of temperature T only. and a simple empirical 
correlation for air is employed [30]. 

a T3/2 [ 2 ] 
Q 1.0 + 1.53x10-4 [T/S - 1.0] • 
T + S 

(2.19) 

where the constants 80 = 1.47x10-6 kg/m-s-Kl/2 and S = 113 K and T denotes the 
temperature in degrees Kelvin. This expression is valid for air temperatures 
between 78 K and 2500 K [30]. 
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The Reynolds number of the blast-wave flow inside the power house is 
relatively large. much larger than 100.000. because the hydraulic diameter is 
normally very large and the flow velocities are generally greater than a few 
meters per seconde In this case. the friction factor is virtually constant for 
a given relative roughness ratio e/dh. This is obvious fr om the Moody diagram 
taken from Ref. 27 and reproduced for interest in Fig. 3. For the blast-wave 
flow in the power house the absolute roughness of the interior walls is assumed 
to be 0.022, corresponding to a fairly rough surface with deep grooves and pro­
tuberances. A constant value of O.OS for the friction factor fis. therefore. 
obtained from the Moody diagram (Fig. 3) at high Reynolds numbers. This value 
of the friction factor is used in numerical analysis of the blast-wave flow 
inside the power house. 

In many nonstationary flow computations the Reynolds number covers a 
very wide range of values, and the friction factor can no longer be considered 
to be constant. In order to illustrate how the friction factor can be handled 
in such a case. one approach is presented in the following two paragraphs. For 
this method it will be assumed that the relative roughness ratio e/dh is simply 
constant at 0.0001. 

In the critical region between laminar and turbulent pipe flows; for 
Reynolds numbers between 1000 and 3000. the value of the friction factor f can 
lie somewhere between the laminar and fully turbulent values. as shown in the 
Moody diagram in Fig. 3. The laminar and turbulent correlations given earlier 
by Eqs. 2.17 and 2.18 are joined smoothly by simply extrapolating Colebrook's 
correlation curve back to lower Reynolds numbers until it finally intersects 
the laminar curve. This is indicated clearly in Fig. 3 by the dark. dashed 
line. for the specific case of e/dh = 0.0001. 

Colebrook's correlation for f in terms of e/dh and Re is implicit in f. 
Hence. an iteration process is necessary to determine a specific value of f for 
specified values of e/dh and Re. This iterative scheme is avoided by fixing 
the value of e/dh at 0.0001 and using the following correlations for f as a 
function of ' Re only. 

f = 64/Re if o < Re < 1033.6S 

f = [1.6798 log (Re) - 1.0S01]-2 if 1033.6S < Re < 105 
(2.20) 

f = [7.349 + 1.825[1.0 
- exp{-1.2(log(Re) - S.0)1.17}]]-2 if Re > lOS 

The first correlation in Eqs. 2.20 is exactly Eq. 2.17. and the last two curve 
fits are suitable approximations which give values within 1~ of those obtained 
from Colebrook's correlation (Eq. 2.18) with e/dh = 0.0001. Note that compres­
sibility effects on the friction factor are usually negligible [28 and 31-32]. 
and this is true especially for low-speed blast-wave flows in the power house. 

2.6 Supplementary Eguations for Heat Transfer 

Heat transfer from the blast-wave flow inside the power house to the 
interior power-house walls is not expected to play a dominant role and be an 
important effect. because temperature differences are not unduly large and the 
heat-transfer coefficient is not appreciably high. However, heat transfer is ' 
still inclu3ed in the numerical analysis. so that its effects can be assessed. 
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An expression is required for the heat transfer per unit volume from the 
wall into the flow. in order to solve Eqs. 2.1 to 2.4. The heat transfer per 
unit surface area is given by the following general expression [28 and 331 

q = (2.21) 

where H denotes the film coefficient for heat transfer, Tw is the power-house 
wall temperature, and Taw is the bulk. recovery, or adiabatic wall temperature 
of the flowing gas [28 and 331. The heat transfer per unit volume Q is then 

(2.22) 

which can be obtained from Eq. 2.21. Because the Nusselt number Nu equals 
Hdh/k, where k is the thermal conductivity, and because the Prandtl number Pr 
equals ~Cp/k, where Cp is the specific heat at constant pressure, Eq. 2.22 can 
then be rewritten as 

= (2.23) 

where St = Nu/(Pr Re) is the Stanton number. (This nondimensional number is 
commonly encountered in heat-transfer problems involving flowing fluids in 
pipes and ducts.) 

For the present study, the temperature Tw of the power-house walls is 
assumed to be constant at 288 K. This is weIl justified because these walls 
are massive. have a much higher heat capacity than air, and the blast-wave flow 
is transient and over in a relatively short time of less than one-half of a 
second. Finally, the initial temperature of the air in the power house is also 
assumed to be 288 K. 

The adiabatic wall temperature Taw for a compressible gas flow is given 
by the expression [28 and 331. 

= T [1 + R(y-l)M2121 , (2.24) 

where R is the so-called recovery factor and M = uIa is the flow Mach number. 
For laminar and turbulent compressible gas flows areasonabie approximation for 
the recovery factor 'is R = Pr1/3 [28 and 331. which is based on theoretical 
derivations and experimental correlations. 

An expression for the Stanton number St. which is a measure of the heat 
transfer. can be derived in an analogous manner to that for the skin friction. 
and this derivation is called the Reynolds analogy [281. This analogy was 
initially developed for laminar, incompressible flows having a Prandtl number 
Pr equal to unity. However, this analogy can be extended to turbulent and 
compressible flows to calculate the heat transfer from the flow to the duct 
wall. or vice versa. The results of the Reynolds analogy give fairly simple 
relationships among the Stanton number St. the skin-friction coefficient Cf. 
and friction factor f [281. which are 

St = Nu/(Pr Re) = Cf/ (2Pr) = f/8 , (2.25) 

if the Prandtl number is unity. However. this is still a good approximation 
for air flows having a Prandtl number of 0.72 [281, and this result is used 
here in. The friction factor f that defines the skin-friction coefficient Cf 
and Stanton number St has been given previously. and it is used here as weIl. 
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2.7 Method of Solution 

In order to illustrate certain aspects of the method of solution by the 
random-choice method (RCM), Eqs. 2.1 to 2.3 are rewritten in vector notation as 

where 

G 

h [G] + h [F(G)] = 

F(G) 

I(G) = [ -:f ] . 
[ 

pu 

pu2 + p 

u(e + p) 

and 

H(G) + I(G) + J(G) , 

] . H(G) 

J(G) 

_ 1 dA 
Ah 

The symbols have their usual meaning defined earlier. 

(2.26) 

pu2 
[ 

pu ] 

u(e + p) , 

This set of partial differential equations (Eq. 2.26) along with initial 
and boundary conditions can be solved by using the method of characteristics, 
finite-difference or finite-element methods and the relatively new and unique 
random-choice method. The RCM is used in this study because it is particularly 
weIl suited for solving one-dimensional nonstationary flow problems involving 
shock-wave and contact-surface discontinuities. In the RCM, shock waves and 
contact surfaces are weIl defined with sharp changes or fronts (not smeared out 
over many mesh points), unlike the results from either finite-difference or 
finite-element methods in which they are smeared over many grid zones. because 
of the use of artificial viscosity terms added explicitly to the governing 
equations and/or the implicit presence of numerical viscosity. Solutions by 
means of the method of characteristics with additional implicit or explicit 
shock capturing or other techniques are too tedious to be seriously considered 
for this study. 

The RCM was originally invented and developed for solving nonstationary 
planar flow problems by Glimm [7] and first made practical and used practically 
for solving such problems by Chorin [8], as mentioned in the introduction to 
this chapter. Sod [11] introduced the operating-splitting technique to the 
RCM, so that this method for solving planar flow problems could be extended to 
solve cylindrical and spherical flow problems, as weIl as problems involving 
gradual area changes. Note that the RC)I is a first-order, explic it numerical 
scheme that repeatedly solves a Riemann or shock-tube problem between adjacent 
grid points, to get the solution at the next time level. Although most details 
of th is method can be found in Refs. 7 to 9 and 12, a brief description is 
included here in • 

The mesh or grid layout in the time-distance or physical plane for the 
RCM solution procedure is shown in Fig. 4a. At each time level the grid points 
are distributed uniformly along the distance axis, with a regular spacing of Ax 
or Ar between adjacent grid points. However. the grid points do alternate in 
location from one time level to the next, being at the midpoints between suc­
cessive grid points of the previous time level. As a result of this alternat­
ing grid system, computations made fr om one time level to the next are done in 
a so-called half time step, and computations made for two consecutive half time 
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steps are said to be done for a full time step. The full time step has a time 
interval of At. Each half time step At. should be controlled by the so-called 
Courant-Fredrichs-Lewy stability criterion [7-9. 12]. which restricts the half 
time step such that any type of wave cannot travel more than one-half of a grid 
zone (Ax/2) in the time At •• in order to guarantee numerical stability in the 
computations. However. sometimes for simplicity and mostly for a savings in 
computational cost from not always checking at every grid location the Courant­
Fredrichs-Lewy criterion. the time interval for the second half time step is 
normally set equal to that for the first time step. Because this 'shortcut' 
does not result in any apparent stability difficulties with the numerical 
calculations. it is also used in the present numerical computations. Finally. 
note that the time interval At from one full time step to the next will. of 
course, generally be different. because of the application of the stability 
criter ion. 

When a complete set of initial conditions are specified at each of two 
grid points. on time level t (see Fig. 4a), a Riemann or shock-tube problem can 
be established and solved analytically for a planar flow [7-9]. Initial condi­
tions for the RCM solution normally consist of knowing the pressure. density 
and flow velocity at each grid point for the first time level. The particular 
solution and its details are not repeated here. but they can be found in Refs. 
7 to 9, as weIl at Ref. 12. However. one shock-tube wave pattern consisting ot 
a rightward moving shock wave. contact surface and leftward moving rarefaction 
wave are depicted in Fig. 4b for interest. These waves and the contact surface 
separate growing quasi-steady or steady flow regions (i.e •• 1. 2. 3 and S in 
Fig.4b). Region 4 is a simple nonstationary region within the rarefaction­
wave fan. There are three other patterns as weIl. consisting of a leftward 
moving shock wave and rightward moving rarefaction wave separated by a contact 
surface, leftward and rightward moving shock waves separated by a contact 
surface. and leftward and rightward moving rarefaction waves without a contact 
surface • 

When the flow properties are evaluated from the Riemann solution for 
each of the five states. the flow properties can then be assigned to the inter­
mediary grid point a~ the next time level. This assignment of flow properties 
to the intermediary grid point involves a fairly simple random sampling proced­
ure [7-9]. giving the random-choice method its name. By choosing a random num­
ber between -1/2 and +1/2 from a uniform distribution. the flow properties from 
one of the five states is then selected for assignment to the intermediary grid 
point at the next time level [7-9]. Because the random-number algorithm can 
affect the smoothness or quality of numerical results [9-10]. sometimes in a 
drastic manner. the van der Corput algorithm which is recommended in Refs. 9 
and 10 is used here. 

For the case of computations involving nonstationary flows with area 
changes, the planar solution is always completed first. This initial solution 
is approximate, and it must be corrected for the change in area. by using the 
operator-splitting technique [11]. Note that this correct ion should be made at 
each half time step, not just over a full time step. Otherwise. the computed 
results will normally be inaccurate and not meaningful. The general solution 
procedure involves the solution of the Riemann problem between successive grid 
points at one time level. in an ordered sequence from left to right (or vice 
versa) across the entire flow field. When this is done and the flow properties 
have all been computed at the next time level. the process can then be repeated 
from one time level to the next. in order to compute the entire flow field of 
interest. 
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Equation 2.26 for nonstationary flows has three inhomogeneous terms on 
the right-hand side denoted by H(G), I(G), and ~(G). If these three terms were 
missing, then a simpie, closed-form, analytical solution for the Riemann or 
shock-tube problem can be obtained [6-9]. Tbe inhomogeneous terms, resulting 
from including the effects of area changes, head losses from friction, heat 
transfer, and head losses due to area changes, prevent one from obtaining such 
a simple analytical solution for the complete Riemann or shock-tube problem. 
For th is reason, the operator-splitting technique is employed to correct the 
planar flow solution and thereby give the complete numerical solution for the 
nonstationary flow with the effects of area changes, head losses, and heat 
transfer. 

Tbe first step in the RCM is to simply remove all inhomogeneous terms 
and then simply obtain in the first step an approximate solution from the 
homogeneous equation. Tbis approximate solution we will call Gl' which is 
obtained from 

h [G] + ~ [F(G)] = o (2.27) 

which can be solved analytically in closed form, as mentioned previously. Tbe 
solution technique and the exact expressions for the four elemental patterns of 
the Riemann problem, consisting of a comhination of shock waves, contact 
surface, and rarefaction waves. are not presented here, but they can be found 
in Refs. 7 to 9 and 11. Tbis is the general solution of the planar shock-tube 
problem. 

Tbe second step is to use this intermediate, approximate solution to get 
the next intermediate. approximate solution that includes the effects of the 
area changes from the inhomogeneous term H(G). This next approximate solution 
that is denoted as G2 is obtained by making use of the following first-order, 
finite-difference correct ion 

= At· H( G1) , (2.28) 

where At. is the half time step for the numerical computations. 

Tbe third step is to use this new, approximate solution to obtain the 
next intermediate, approximate solution that includes the effects of friction 
and heat trànsfer from the inhomogeneous term I(G). Hence, the corrected 
solution is determined from 

= (2.29) 

where G3 is the new approximation. 

Tbe final step is to use this new, approximate solution to get the final 
solution G. which then includes the effects of head losses due to area changes 
from the inhomogeneous term ~(G). Tbe result is 

G = (2.30) 

The final solution G will now have all of the corrections for the area changes, 
head losses from area changes, head losses due to friction, and the effects of 
heat transfer. Note that one or more of the intermediate steps can be skipped 
if such corrections are not needed or desired, thereby removing the effects 
that are not required. 
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3. GEOMETRICAL MODELS OF TUE POWER HOUSE FOR THE NUMERICAL ANALYSIS 

3.1 Introduction 

The judicious selection of a suitable but simple one-dimensional flow 
path or paths having an appropriate changing cross-sectional area with distance 
through the Darlington Generating Station power house is a rather difficult and 
subjective task, because the interior of the power house is not just a simple 
straight duct. As a good example of this, see the side view of the power house 
shown in Fig. S. The flow path is not always straight but sometimes tortuous 
when it bends around obstacles like equipment and turns from one direction to 
another from one room or space to the next. The flow area along this flow path 
changes also because of obstacles like equipment, area constrictions like door­
ways or passageways between rooms, area enlargements from room size increases, 
and changes in ceiling or floor height from one space to another. However, by 
making use of realistic assumptions and approximations, appropriate flow paths 
having suitable area variations along the path can be selected, in order to get 
practical results. 

Two different and separate flow paths are considered for the blast-wave 
flow in the power house. The upper flow path labelled 1 in Fig. S is for the 
case of the blast wave entering through blow-out panels in the upper part of 
the front wallof the power house and travelling in sequence through the upper 
parts of the turbine hall, turbine auxiliary bay and reactor building, as weIl 
as into three small rooms below the hoistway. Because it is possible for the 
blast wave inside the reactor building to break blow-out panels in the rear 
wallof the power house and thereby leave the building, the possibility of this 
scenario is also considered. In this scenario the blast-wave flow is branched: 
that is, it not only enters the three small rooms but it also simultaneously 
leaves the reactor building through the openings in the broken blow-out panels. 
Branched flows cannot be handled directly in the present RCM computer code. As 
a consequence, a few different, approximate, blast-wave flow paths are devised, 
such that realistic predictions of the branched flows can be obtained. These 
special considerations lead to modifications to the upper flow path (1) and its 
corresponding cross-sectional area with distance in both the reactor building 
and the three small rooms, resulting in the unfortunate increase in the numbers 
of geometric models for the power house, computer runs, and numerical results. 

The lower flow path labelled 2 in Fig. S is for the final case of the 
blast wave entering through blow-out panels located in the lower part of the 
front wallof the power house and moving in sequence through the lower parts of 
the turbine hall, turbine auxiliary bay, and reactor building. However, owing 
to the small opening in the blast wall between the turbine auxiliary bay and 
reactor building, it is anticipated that only a very weak blast wave will enter 
the lower part of the reactor building. The modelling for this lower flow path 
(2) is essentially straightforward, and this time it does not lead to an unfor­
tunate proliferation of geometric modeis, computer runs, and numerical results. 

It is worth mentioning here that flow paths number 1 and 2 are taken to 
be different and separate blast-wave flow paths, notwithstanding the fact that 
there are small interconnecting openings. Ignoring these interconnecting open­
ings is reasonable because they are rather small and essentially uni~portant. 
Furthermore, for a blast wave propagating in each flow path at about the same 
time and at approximately the same strength, the resulting small leaks or flows 
through the interconnecting openings between one flow path and the other would 
generally be small and insignificant. 
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Additional details of the blast-wave flow paths. their cross-sectional 
areas with distance , through the power house. the maximum openings of the blow­
out panels. and the rational behind their selection are now presented briefly 
in the following sections of this chapter. 

, 3.2 Geometrieal Configuration A 

Tbe geometrical model of the power house called configuration A. for 
flow path number 1 for the blast wave in the upper part of the power house. is 
depicted at the top of Fig. 6. The room numbers. descriptions. lengths. and 
cross-sectional areas are summarized just below the top diagram. Additional 
information on the areas of the blow-out panels in the upper part of the front 
wallof the turbine hall. the interconnecting openings between rooms 6 to 9. as 
weIl as the area of the front wallof the power house assoeiated with flow path 
number 1. are given just below the previously mentioned data. Tbe lengths and 
eross-sectional areas of the various rooms and the area of the blow-out panels 
were obtained from Ontario Hydro drawings of the power house. 

For configuration A. the blast wave that is incident on the power house 
breaks the blow-out panels in the front wall. and part of this blast wave then 
enters the power house. moving sequentially through the turbine hall. turbine 
auxiliary bay. reactor building. and the three small rooms below the hoistway. 
The blow-out panels in the rear wallof the power house are assumed to remain 
intact (i.e •• not break). for the case of configuration A. Consequently. there 
is only one unbranched flow path of interest for this case. and this flow path 
starts at the blow-out panels in the front wallof the power house and ends in 
the three small rooms. For the numerical eomputations of the blast-wave flow 
inside the power house. the three small rooms with their original lengths and 
cross-sectional areas are then connected directly to the reactor building. It 
does not matter for the numerical computations as to whether these rooms are 
actually loeated below. behind. or to the side of the reactor building. as long 
as the correct length for the blast-wave propagation path is maintained. 

Tbe blast wave incident on the power house is depieted on the right of 
the top diagram in Fig. 6. moving toward the power house in a duet indicated by 
dashed lines. In any one-dimensional model of nonstationary flows. a duet must 
be specified for containing the incident blast wave. as weIl as its reflection 
from the front wallof the power house. Note that the cross-sectional area of 
this additional channel is not necessarily equal to that of the first room 
inside the power house. because the frontal area of the power house may be 
larger. 

Tbe geometrical model designated configuration A is an important one in 
helping to establish whether the blast-wave pressure inside the reactor build­
ing is suffieiently high to break the blow-out panels in the rear wallof the 
reactor building or power house. The pressure differenee from the blast waves 
on the inside and outside these blow-out panels would. of course. have to be 
eonsidered to get arealistic answer. 

3.3 Geometrical Configuration B 

Tbe geometrical model of the power house called configuration B. for 
flow path number 1 for the blast wave in the upper part of the power house. is 
depicted at the top of Fig. 7. The room numbers. descriptions. lengths. and 
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cross-sectional areas are summarized just below the top diagram. Additional 
information on the area of the blow-out panels in the upper part of the front 
wall in the turbine hall, the area of the blow-out panels in the rear wallof 
the reactor building, as weIl as the areas of the front and rear walls of the 
power house associated with flow path number I, are also given. The lengths 
and cross-sectional areas of the various rooms and the areas of front and rear 
walls were taken from Ontario Hydro drawings of the power house. 

For configuration B, the blast wave that is incident on the power house 
breaks the blow-out panels in the front wall, and part of this blast wave then 
enters the power house, moving sequentially through the turbine hall, turbine 
auxiliary bay, and reactor building. The blast-wave flow inside the reactor 
building is assumed to break the blow-out panels located in the rear wallof 
the reactor building and then move outside the power house. For configuration 
B, therefore, there is only one unbranched flow path from the front wallof the 
power house to the rear wall. The three small rooms are not included in this 
configuration for flow path number I, because their addition would produce a 
branched flow path. That is, the blast-wave flow path would eventually split 
into two separate flow paths, one that leaves the reactor building through the 
openings in the broken blow-out panels and the other that moves into the three 
small rooms. This type of branched blast-wave flow cannot be handled directly 
in the present computer program using the RCM, as mentioned earlier, however, . 
the blast-wave flow in the three small rooms can be obtained in an approximate 
but still realistic manner (see configurations C and D). 

The blast-wave pressures and effects predicted with the geometrical 
model for configuration B will be slightly high for the reactor building. This 
happens because no allowance for losses in mass, momentum, and energy from the 
blast-wave flow in the reactor building, due to the loss of flow to the three 
small rooms, have been accounted for in the numerical prediction. Because the 
reactor-building volume is fairly large relative to the combined volume of the 
three small rooms, these effects should not be large. However, they will not 
be negligible either, because the ratio the volumes of the reactor building and 
three small rooms is only about six. 

3.4 Geometrical Configuration C 

The geometrical model of the three small rooms below the hoistway in the 
reactor building is called configuration C, and it is sketched in Fig. 8. This 
configuration is associated with flow path number 1 for the blast wave in the 
upper part of the power house. The room numbers, descriptions, lengths and 
cross-sectional areas are summarized below this diagram, and th is geometrical 
data was also obtained from Ontario Hydro drawings of the power house. 

If the blast-wave flow that enters the first of the three small rooms is 
known, then the flow in these rooms can be predicted by the present RCM com­
puter code. As an approximation for the present study, the blast-wave flow in 
the reactor building from configuration B is employed almost directly as input 
to predict the nonstationary flow in the three small rooms. Only one of the 
input conditions is modified: that is, the flow velocity is set equal to zero, 
because the flow velocity in the reactor building is basically perpendicular to 
that in the three small rooms. Hence, the blast-wave flow in the three small 
rooms originates as ~ flow resulting from an infinitely large reservoir with 
changing initial conditions corresponding to the blast-wave flow properties in 
the reactor building. 
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The predicted blast-wave pressures and effects in the three small rooms 
by such a flow model will be slightly high. for the following reason. The flow 
that leaves the reactor building and enters the three small rooms involves. in 
effect. losses of mass, momentum, and energy from the main blast-wave flow in 
the reactor building. As aresult. the blast-wave flow in the reactor building 
will be reduced, which in turn will lead to a reduction in the flow into the 
three small rooms. This effect should be rather small, however, because the 
volume of the reactor building is much larger than the combined volumes of the 
three small rooms. However, it will not be negligible, because the ratio of 
the volumes of the reactor building to the three small rooms is only about six. 

3.5 Geometrical Configuration D 

The geometrical model of the power house called configuration D, for 
flow path number 1 for the blast wave in the upper part of the power house. is 
depicted at the top of Fig. 9. The room numbers. descriptions. lengths, and 
cross-sectional areas are summarized just below the top diagram. Additional 
information on the areas of the blow-out panels in the upper part of the front 
wallof the power house, as weIl as the interconnecting openings between rooms 
6 to 9, are again given just below. Most of these lengths and cross-sectional 
areas of the various rooms were obtained from Ontario Hydro drawings of the 
power house. 

For configuration D, the blast wave that is incident on the power house 
breaks the blow-out panels in the front wall, and part of this blast wave then 
enters the power house, moving sequentially through the turbine hall, turbine 
auxiliary bay, reactor building, and the three small rooms below the hoistway. 
These three small rooms have been increased in cross-sectional area by a factor 
of 23.5 and connected directly to the rear of the reactor building. Further­
more, the mimimum areas between two adjacent rooms have been suitably increased 
also, as indicated in Fig. 9. The reasons for these modifications to the three 
small rooms are brought out in the following paragraph. 

Configuration D corresponds to the case for which the blast-wave flow in 
the reactor building breaks instantly the blow-out panels in the rear wallof 
this building, and the blast-wave flow thereby leaves the reactor building via 
the blow-out panel openings. See the illustration of this in Fig. 10a. In 
order to inelude the three small rooms direetly in the configuration for the 
numerical computations of the blast-wave flow, without a branched flow path. a 
new eombined geometry of the three small rooms and blow-out panel openings had 
to be developed, as illustrated in Fig. lOb. The new geometry is based on the 
behavior of steady. incompressible flows through branched ducts. whieh is only 
approximate. The method of obtaining the magnification factor for the cross­
seetional areas of the small rooms and the simple additional increase in inlet 
areas for the small rooms are indicated directly in Fig. lOb. When these new 
enlarged rooms are connected direetly to the rear of the reactor building, they 
then eover the entire blow-out panels openings. However, these rooms have been 
increased appropriately in size such that the combined flow from both the 
reactor building and the three small rooms should be indicative of that occur­
ring in the original. unmagnified, three small rooms. Henee. the blast-wave 
pressures should also be indicative of the those experienced in the actual 
smaller rooms. 

The primary goal for geometrieal configuration D is to obtain a second 
prediction of the blast-wave flow in the three smaller rooms. when the blow-out 
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panels in the rear power-house wall break, because the previous prediction from 
the combined configurations Band C is known to be slightly high. 

3.6 Geometrical Configuration E 

The geometrical model of the power house called configuration E, for 
flow path number 2 for the blast wave in the lower part of the power house, is 
depicted at the top of Fig. 11. The room numbers, descriptions, lengths, and 
cross-sectional areas are summarized just below the top diagram. Additional 
information on the area of the blow-out panels in the lower part of the front 
wall in the turbine hall, the minimum area of the small opening in the blast 
wall, as weIl as the areas of the front wallof the power house associated with 
flow path number 2, are also given. The lengths and cross-sectional areas of 
the various rooms and the areas of front and rear walls were again taken from 
Ontario Hydro drawings of the power house. 

For configuration E, the blast wave that is incident on the power house 
breaks the blow-out panels in the front wall, and part of this blast wave then 
enters the power house, moving sequentially through the lower parts of the tur­
b ine hall, turb ine auxiliary bay, and reactor building. For configurat ion E, 
therefore, there is only one unbranched flow path from the front wallof the 
power house to the rear wall, and this particular geometry and flow path are 
eas ily handled • 

The primary purpose of this geometrical configuration is to determine 
numerically the blast-wave pressures for the lower flow path in the turbine 
hall, the turbine auxiliary bay, and especially the reactor building behind the 
blast wall. 

4 • PROPERTIES OF TUE BLAST WAVE INCIDENT ON TUE POWER HOUSE 

4.1 Introduction 

All of the basic flow properties of the blast wave that is incident on 
the Darlington Generating Station power house are needed as initial conditions 
to start the RCM computations of the blast-wave flow which enters and travels 
through the power house. These basic properties that are required are the flow 
velocity, pressure, and density. All of the other flow properties such as the 
sound speed, temperature, energy, enthalpy, flow Mach number, dynamic pressure, 
and Reynolds number per unit length can be obtained from the first three flow 
properties. 

The blast-wave flow properties that are generally required for most nu­
merical analyses can be given in one of two equivalent forms. The variation of 
the flow properties çan be specified as a function of time, at a fixed distance 
from the explosion, corresponding to that for the power plant. Alternatively, 
the variation of the flow properties can be given as a function of distance, at 
a fixed time af ter t~e origin of the explosion. In either case the subsequent 
propagation of the blast wave with time and distance can be predicted by some 
appropriate numerical methode 

In the present work, the blast-wave flow properties are obtained at the 
power house, 495 m a.ay from the railroad tracks where a hypothetical explosion 
of 61,500 kg of TNT occurs, by using the most recent numerical and experimental 
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data for TNT explosions [4-5]. Tabulated tempora 1 and spatial distributions of 
the basic blast-wave flow properties at the power house are presented in tables 
1 and 2, and this data was obtained by employing the analyses in Refs. 4 and 5. 
The spatial distributions of the flow properties of the blast wave, just before 
it interacts with the power house, is the form used for the initial conditions 
for most of the present work. Note that additional information on the method 
of obtaining the blast-wave flow properties at the power house, which are given 
in tables 1 and 2, are presented in the following sections of this chapter. 

4.2 Flow Properties at the Blast-Wave Front 

Much of the past work dealing with chemical and nuclear explosions was 
concerned mainly with the flow properties of the blast- or shock-wave front; 
that is, the peak values of the flow properties at the nearly discontinuous 
shock front. The decay of the amplitude, especially the peak overpressure, as 
a function of distance from the explosion is normally investigated numerically 
and experimentally. The variations of the flow properties behind this front, 
with time and also distance, were not ignored, but they were not documented for 
convenient usage. Over the past thirty years the properties of the blast-wave 
front have become better known, but the information is still normally scattered 
in many different laboratory reports. 

The open literature on the flow properties of the blast-wave front was 
reviewed recently, and the knowledge of such flow properties has been extended 
[see 4]. A new form of the equation for the shock-front trajectory, in terms 
of distance versus time, has been proposed and also carefully checked against 
data from many TNT explosion trials. This shock-trajectory equation is very 
successful in giving all of the flow properties of the blast-wave front as a 
function of distance from the explosion center, including the initial decay or 
derivatives of the flow properties with time and distance. The means by which 
it can be used cannot be given here, but the details are explained in Ref. 4. 

For the present example of a hypothetical explosion of 61,500 kg at a 
distance of 495 m from the power house, the analytical results given in Ref. 4 
predict that the peak overpressure of the blast wave at the front of the power 
house is 11.45 kPa, and the arrival time af ter the detonation of the explosives 
is 1.108 s. Furthermore, at the blast-wave front, the peak value of the flow 
velocity is 26.2 mIs, and the peak temperature increase is 8.70 K. 

Because all of the expressions in Ref. 4 are given in scaled form for a 
1 kg TNT surface charge, Sachs's scaling factors Sr = [(W/Wo ) (PO/P1)]1/3 for 
distance and St = (aO/a1)Sr for time need to be used to get the above stated 
results. In the preceding expressions, W = 61,500 kg of TNT for the present 
example, Wo = 1 kg of TNT is the reference charge mass, and P1 = 101.33 kPa and 
al = 340.29 mIs are the assumed ambient or atmospheric conditions, which are 
taken in this example to equal the reference conditions (i.e., PO = 101.33 kPa 
and aO = 340.3 mIs). Bence, Sr = St = 39.47. Note that these peak values of 
the blast-wave front properties occur at a distance of 495 m from the 61,500 kg 
charge or at a closer distance of 12.54 m (495/S r ) from a 1 kg TNT charge. 

Although peak values of the blast-wave flow properties are important 
indicators of the damage of the blast to a building, they are for the most part 
insufficient for an extensive and accurate assessment. All of the blast-wave 
flow properties are generally required, especially if flows around and inside 
the buildin~ need to be considered, as mentioned previously. 
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4.3 Flow Properties of the Blast Wave 

A few different methods are presently available for constructing blast­
wave flow properties as a function of time and distance for a particular reg ion 
of the flow field, without using large computer programs that are not only time 
consuming but also costly [e.g., see S and 34-40]. Of these available methods, 
the most recent and versatile one by Lau and Gottlieb [SJ is chosen for deter­
mining the blast-wave flow properties at the power house. 

This method involves, essentially, a tedious trial-and-error process of 
constructing the best possible path of a fluid partiele or equivalent piston 
mot ion at the upstream side of the flow field of interest (containing the power 
house), such that the resulting flow field constructed numerically in front of 
the moving piston (where the power house is located) agrees as weIl as possible 
with all available although limited experimental data from manypast explosion 
trials. An illustration of the spherical blast-wave flow field and the flow­
field region being constructed numerically appears in Fig. 12, showing that the 
flow fields in front of a fluid part iele and piston exhibiting the same motion 
are equivalent. 

The solution procedure is now outlined briefly. The first step is to 
simply guess a piston pa th that is located between the explosion center and th~ 
power house, on the upstream side of the flow field. This initial guess of the 
piston path includes the initial distance-time coordinates, initial slope or 
piston velocity, and initial profile or shape, as illustrated in Fig. 13a. In 
the present study, the path guessed is initially specified with only fourteen 
discrete distance-time coordinates. These coordinate points are usually spaeed 
closer together where the piston path is believed to have a higher curvature or 
velocity. Furthermore, the coordinate points are distributed fairly smoothly 
without jaggedness along the piston path (see Fig. 13a), based on a quick sub­
jective assessment, unless the piston path is expected to have an abrupt kink 
or change in slope resulting from a sudden change in piston velocity. In the 
present work the piston path found in Ref. S is used as the starting point. 

The second step is to spline a continuous curve through the coordinate 
points (Fig. 13a) to get an analytical function for the piston path, which will 
in turn easily yield the path velocity and acceleration by differentiation. In 
the present study, a cubic spline based on a piecewise continuous third-order 
polynomial is employed, and its logic and computer-program listing are given in 
Ref. 29. 

Two boundary conditions are required at each end of the cubic spline. 
These are the coordinate position and slope of the curve at both ends. At the 
initial end of the splined curve (see Fig. 13a), both the coordinate point and 
the slope are chosen to agree with experimental or other data. The slope or 
piston velocity is normally set equal to the measured flow velocity. (For an 
experimentally or other known shock trajeetory, the part iele velocity would 
normally be obtained by using the Rankine-Hugoniot relations.) At the other 
end the coordinate point is initially guessed, and the slope or velocity is set 
equal to an initially undetermined constant, by specifying that the second time 
derivative or acceleration is zero. 

The third stef consists of computing as much of the flow field in front 
of the specified or guessed piston path as desired (Fig. 13b). This is done in 
the manner described in Ref. S, by using the random-choice method (ReM) with an 
appropriate piston boundary condition also described in that reference. 
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The fourth step is to compare some of the computed flow-field proper­
ties to all available experimental or other useful information. The various 
types of disagreement and the magnitudes of the differences are noted at this 
stage. A qualitative or subjective assessment of the disagreement is utilized. 
This generally involved looking at many differences between the computed and 
all available information. which were displayed conveniently in graphical form. 
Such a form is easier to digest than a table of numbers. 

The final step is to modify the initial piston path and repeat all of 
the steps af ter the first one (Fig. 13c). The piston path should be modified 
in such a manner that the disagreement between computed flow properties and all 
available comparison information is reduced. as compared to the previous case. 
This step is then repeated as many times as desired. until the best possible 
agreement is obtained. In this manner the available experimental or other in­
format ion can be simulated numerically. 

This flow field is reconstructed to agree as weIl as possible with 
different types of scaled experimental information from a number of different 
sized explosions of TNT. The types of experimental information that are used 
from differe~t sized explosions are itemized as follows: 

a) a shock trajectory in equational form from Ref. 4. which was obtained 
from an empirical curve fit to measured arrival times of the shock- or 
blast-wave front at various different radii from the center of a 20-ton 
TNT surface explosion [41] and two 500-ton TNT surface explosions named 
SNOWBALL and SAILOR BAT [37]. 

b) thirty-five particle paths or trajectories measured by means of high­
speed photography of smoke trails or tracers at various different radii 
from the center of a 50o-ton surface explosion named SNOWBALL [37]. 

c) twenty particle paths or trajectories measured by means of high-speed 
photography of smoke trails or tracers at various different radii from 
the center of a 500-ton surface explosion named SAILOR BAT [37]. 

d) twenty time histories of overpressure measured with piezoelectric pres­
sure transducers at various different radii from the center of a 20-ton 
TNT surface explosion that were made by American researchers [41]. 

e) twenty-one time histories of overpressure measured with piezoelectric 
pressure gages at various different radii from the center of a 20-ton 
TNT surface explosion that were made by British researchers [41]. 

f) eigthteen time histories of overpressure measured with piezoelectric 
pressure gages at various different radii from the center of a 20-ton 
TNT surface explosion that were made by Canadian researchers [41]. 

g) six time histories of density measured with specially designed beta-ray 
density gages at various different radii from the center of a 100-ton 
TNT surface explosion [35]. 

Additional information on the method of reconstruction of the blast-wave flow 
properties to agree with experimental measurements. as weIl as the various 
types of experimental measurements and how they were obtained in field trials. 
can be found in Refs. 4 and 5. respectively. Note that Ref. 5 contains many 
references to laboratory reports that contain experimental data. 
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The previously described method was used to generate the temporal and 
spatial distributions that are presented in tabular form in tables 1 and 2, for 
the blast wave that is incident on the power house. These two sets of data can 
now be employed as the starting point or initial conditions for the numerical 
computations for the blast-wave flow inside the power house and also over or 
around the power house. 

4.4 Specification of the Initial Conditions for the Numerical Computations 

For the numerical computations of the blast-wave flow field inside and 
outside of the power house, the initial conditions can be specified in two dif­
ferent but equivalent ways. Tbe initial conditions can be given in the form of 
spatial distributions at a fixed time or, alternately, in the form of temporal 
distributions at a fixed distance. This is aptly illustrated in Fig. 14, for 
the case of a wave moving from right to left and eventually interacting with an 
area change. With eaeh method, however, eertain precautions have to be taken 
to ensure that the speeification of the initial eonditions is done correctly 
for the numerical computations. 

Specification of the initial eonditions (e.g., pressure, flow velocity, 
temperature and density) in the form of spatial distributions at a some fixed . 
initial time (e.g., t = 0) is the simplest and most straigthforward approach. 
This approach is the one that is always utilized in the present investigation. 
These initial conditions are simply inserted in the numerical eomputations at 
the appropriate spatial node locations (in computer array storage) at the first 
or initial time level, just prior to beginning the computations. In order to 
do this properly, an appropriate length of duet where these spatial conditions 
are specified must be included as part of the flow-field width. This addition­
al length must be sufficiently long such that it includes the entire spatial 
range over which the initial conditions are required (or are important to the 
problem in question). For the present problem of the blast-wave flow inside 
the power house, a duet with a length of about 80 m was appropriate to contain 
the blast wave incident on the power house, because the length of the blast 
wave is approximately 75 m (see table 2). Tbe additional length of duet is 
depicted by the dashed lines in Figs. 6, 7, 9, and 11, at the right side ofthe 
sketches of the power-house geometry. 

It is worth mentioning here that the boundary condition specified at the 
right side of the flow field should be that the additional ehannel continues 
indefinitely to the right. This type of boundary condition is not difficult to 
program into the computer code. Such a boundary condition permits reflected 
waves or any waves arriving from the left part of the flow field to leave this 
right part without refleeting at this right boundary. 

Specification of the initial eonditions (e.g., pressure, flow velocity, 
temperature and density) in the form of temporal distributions at a some fixed 
distance in the flow field (e.g., ahead of the power house) is more complex and 
less straightforward than that for the spatial distributions at a fixed time. 
This approach is not used in the present investigation, but is discussed here 
only for interest. In this case, the initialor actually boundary conditions 
have to now be inserted in the numerical computations at only one spatial grid 
point, but this has to be done at each individual time level of the numerical 
computations, or at least until the entire temporal distributions that are 
required (or are of interest) for the problem in question have been completely 
entered. 
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The location at which the temporal distributions are inserted in the 
flow field for the numerical computations must be the right-most boundary of 
this flow field being computed, as illustrated in Fig. 14. Furthermore, this 
location must be sufficiently far to the right or upstream of any area change 
or power house that reflected waves or any other waves from this area change or 
power house do not arrive at the right-most boundary during the time that the 
initialor boundary conditions are being specified. If a reflected wave does 
arrive during the time of the specification of these conditions, its effect or 
modification to the specification is generally unknown and, therefore, cannot 
be taken into account. If the effect of the reflected wave is simply ignored, 
then the computed flow field will be in error, and the degree of error will no 
doubt depend on the particular circumstances of the nonstationary flow and the 
initial and boundary conditions. 

In order to avoid the problem of reflected waves arriving at the right­
most boundary during the time the flow properties are being specified at this 
boundary, the flow field length must be increased appropriately such that this 
right-most boundary is sufficiently far to the right. The additional length 
has to be estimated in advance of doing the numerical computations, based on 
the generation and arrival of reflected disturbances. However, the additional 
length will be nearly the same as that required if the initial conditions were 
specified as spatial distributions. Hence, for the present problem involving a 
blast-wave flow inside of the power house, this additional length would again 
be about 80 m. 

Once the flow conditions have been fully specified over the required 
time period, the boundary conditions at the right-most edge of the flow field 
should then be changed. The new boundary condition that should be inserted is 
that which makes the additional length of duet appear to be infinitely long to 
the right. Consequently, any reflected waves that arrive at the right-most 
boundary will then continue on out of the flow field that is being computed, as 
required. 

S. ANALYSIS OF THE BREAKING ANI> OPENING TIME OF THE BLOW-our PANELS 

S.l Introduction 

The amplitude and shape of the blast wave moving inside the Darlington 
Generating Station power house, as weIl as its destructive effects, depends 
rather strongly on the manner in which the blow-out panels in the front wallof 
the power house break and open with time, from the incident blast wave striking 
and reflecting from this wall. It is by means of these openings, which are in­
creasing in area with time, that part of the incident blast wave makes its way 
into the power house. For this reason, a good estimate of the opening area of 
the blow-out panels, as a function of time, is required for obtaining realistic 
numerical computations of the blast-wave flow inside of the power house. This 
means that a fairly realistic model and analysis of the breaking and opening 
process of the blow-out panels from the incident blast-wave loading has to be 
devised. 

In the model of the breaking and opening of the blow-out panels it is 
envisaged that the panel breaking and opening process occurs in four separate 
but linked phases, because of the shape, construction, and materials properties 
of the panels (see Figs. 1S to 18). The first phase is assumed to consist of a 
wall collapsing mode, because each blow-out panel is constructed in the form of 
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a two-sheet. hollow wall. with some light insulation in one part of the gap 
between the two steel sheets. and the two sheets are held apart only flimsily. 
In this mode the outer corrugated steel sheet is assumed to be accelerated and 
then eventually jammed against the inner steel sheet. from the initial part of 
the impact of the incident blast wave. The insulation between the outer and 
inner steel sheets is assumed to have no rigidity or no resistance to compres­
sion. and that it also compacts to a negligible thickness. This phase will 
eventually end just as the outer corrugated sheet compresses the insulation 
fullyand finally strikes the inner steel sheet. 

The second phase is assumed to consist of a sharing of momentum among 
the initially moving corrugated sheet. the initially stationary inner steel 
sheet. and the initially stationary insulation between these two sheets. This 
sharing is assumed to take place in a negligibly short time. and in two separ­
ate stages. just as the outer corrugated sheet strikes the stationary. inner. 
steel sheet. In the first stage. the translational momentum of the outer cor­
rugated sheet. from its collapsing motion. is assumed to be shared instantly by 
both steel sheets and this insulation. During this stage the velocities of the 
various parts are uniform and unidirectional everywhere on the blow-out panel. 
The collapsed blow-out panel is assumed to undergo translation only. In the 
second stage. this translational momentum from the motion must be redistributed 
instantly in the collapsed blow-out panel such that its various parts can now . 
respond as a cantilever beam. bending in unison as a sandwich about the I-beam. 
along its centerline. The I-beams are taken to be perfectly rigid. restraining 
supports. This redistribution of momentum will lead to a variation in the 
velocity of the beam from its centerline support to its edges. This second 
phase will end just when beam bending begins. 

The third phase is assumed to consist of each collapsed blow-out panel 
or wall bending elastically as a cantilever beam. with an initial distributed 
velocity along the beam. from the loading of the blast wave that acts on the 
outside surface. In this phase. the outer edges of each collapsed panel are 
assumed to have slipped off their outer I-beam supports and the two identical 
halves of the panel then bend elastically and symmetrically about the remaining 
I-beam support along the centerline. Each half thus bends identically like a 
cantilever beam. Eventually. if the blast-wave loading is sufficiently strong. 
the bending of the cantilever beam will become large and cease being elastic. 
and this phase will thus end. 

The fourth and final phase consists of each collapsed blow-out panel 
rotating as a rigid beam with a plastic hinge about its I-beam support. along 
the centerline. The resisting torque of the plastic hinge is estimated for the 
case of plastic bending beavior of the combined outer corrugated steel sheet 
and inner flat sheet about the I-beam. This final phase will end eventually. 
when the two halves of the blow-out panels finally rotate to their fully open 
positions. 

As the blow-out panels open and the blast wave enters the power house. 
the pressure on the front of the opening blow-out panels will drop with time. 
One reason for this is that the reflected blast-wave pressure on the front wall 
of the power house is decaying with time. and this effect is taken into account 
in the analysis of the motion of the blow-out panels. Another reason is that 
the pressure of the flow moving over the blow-out panels is slightly less than 
the reflected pressure on the front of the building. However. this effect is 
very small for the present work and can be neglected. Finally. the loading on 
the outside surface of the blow-out panels from the flow into the power house 
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will eventually be partially countered by the pressure increase on the rear of 
these panels, which resultsfrom the eventual pressurization of the interior of 
the power house. This resulting reduction in the differential loading across 
the blow-out panels, which would result in a longer opening time, is also taken 
into account in an approximate manner in the analysis, so that a more realistic 
approximation of the opening time of the blow-out panels can be obtained. 

From the analysis of the breaking and opening of the blow-out panels, it 
was discovered that the panels took a time of 10 ms just to begin to open af ter 
the incident blast wave arrived, aft.er which the opening area to the blast-wave 
flow that enters the power house was approximately linear with time. The 
additional time for the panels to open completely was found to be 75 ms. This 
is why the blow-out panels were said to open linearly earlier in this report, 
which is now shown to be a good approximation. Additional details concerning 
the analysis of the blow-out panels and numerical results are now given in the 
following sections of this chapter. 

5.2 Characteristics of the Blow-Out Panels 

A sketch of one blow-out panel appears in Fig. 15, showing the basic 
shape, dimensions, and rear I-beam supports. The side view given in Fig. 16 
provides some additional information. The sketch of the blow-out panel cross 
section shown in Fig. 17 depicts various parts of these panels and their dimen­
sions. Furthermore, tables of relevant data are presented for the masses and 
materials properties of the outer corrugated steel sheet, fiberglass insulation 
and inner flat steel sheet. The upper set of tabulated data is presented for 
one-half of a blow-out panel having one-half of the height or 3.75 mand the 
entire length of 37.5 m. One-half of the panel therefore spans two adjacent, 
horizontal I-beams, from the one along the centerline to another at the upper 
or lower edge. This data was obtained from Ontario Hydro drawings of the 
blow-out panels. Finally, the lower set of data can be found in most handbooks 
containing the materials properties of metals. 

5.3 Collapse Phase of the Blow-Out Panels 

The interaction of the blast wave incident on the power house with the 
front wallof this building produces a reflected wave. The resulting reflected 
overpressure on the front face is slightly more than double that of the inci­
dent wave, because the incident wave is relatively weak [6]. The overpressure 
signature of the incident blast wave and the resulting pressure loading on the 
front face of the power house are depicted in Fig. 18a, as if the front wall is 
of infinite extent. Tbe reduction in overpressure that occurs when the rare­
faction or relief waves arrive from the sides and top of the power house is not 
indicated here. However, in the center of the front wall the first relief wave 
from the sides would not arrive until about 45 ms af ter the incident blast wave 
strikes the power house. Hence, for the collapse phase, which will be found to 
be relatively short (approximately 7 ms), these relief waves do not need to be 
considered. 

The pressure on the blow-out panels can be assumed, for all practical 
purposes, to be linearly decreasing with time from the maximum overpressute, 
for this p.rt of the analysis. By considering the initial, tempora 1 vari~tion 
of the overpressure signature given in table 1, and doubling these values to 
get the reflected overpressure, the expression for the reflected overpressure 
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loading Ap = Ap(t) on the blow-out panels during the col lapse phase can be 
obtained simply as Ap(t) = APO(1 - t/TO). where the peak or maximum reflected 
overpressure at time t = 0 is APO = 22.0 kPa and the initial time decay con­
stant for the overpressure is TO = 151.0 ms. 

The initial blast-wave loading on the blow-out panel is assumed first to 
accelerate the outer corrugated steel sheet toward the stationary fiberglass 
insulation and inner steel sheet. until it eventually compresses the insulation 
to a negligible thickness and finally comes into contact with the inner steel 
sheet. A diagram of the final c~llapsedblow-out panel is ShOWD in Fig. 18b. 
The collapsing motion of the corrugated sheet can be obtained by using Newton's 
second law of motion in the form of F = Mca = Mcdv/dt = Mcd2x/dt2. where the 
time-dependent force F = F(t) = Ap(t)A from the time-dependent pressure loading 
Ap(t) on the corrugated sheet having a total mass Mc (1880 kg) and a total sur­
face area A (281.2 m), which produces an acceleration aCt). a velocity vet) and 
a displacement x(t). which are all functions of time t. Hence. the resulting 
expressions for the corrugated panel displacement. velocity. and acceleration 
are given as x(t) = (APOA/Mc )[1 - t/3TO]t2/2. vet) = (ApoA/Mc)[1 - t/2TO]t. and 
aCt) = (ApoA/Mc)[1 - t/TO]' respectively. They apply only during the collapse 
phase. For the total displacement of 7.62 cm at the end of the collapse. the 
time t can be found iteratively from the previous equation given for x(t) to be 
6.85 ms. Then. the impact velocity and acceleration at the end of the collapse 
phase follow directly from the other two expressions as 22.0 mis and 3142 m/s2. 
respectively. Hence. the first phase consisting of the collapsing of the blow­
out panels takes 7 ms, roughly. and the blow-out panels do not allow any blast­
wave flow into the power house during this time. Note that this collapse phase 
takes a relatively short time. and the linear drop in the overpressure loading 
during this short time is only about 4.5~. which is relatively smalle 

5.4 Momentum Sharing Phase 

This phase occurs just at the time when the outer corrugated sheet has 
fully compressed the fiberglass insulation and has finally made initial contact 
with the inner flat sheet (Fig. 18b). The momentum sharing is assumed to occur 
almost instantaneously, before the inner sheet begins to move appreciably and 
before the rear I-beam supports begin to restrain the mot ion of the inner sheet 
or the blow-out panels. The momentum sharing from the inelastic collision is 
assumed to take place in two separate but linked stages. In the first stage 
the translational momentum of the outer corrugated sheet is shared with the 
insulation and inner sheet. and the resulting combined mot ion at this moment is 
still considered to be in translation. The application of the conservation of 
translational momentum for this case results in a new translational velocity. 
the same translational momentum. and a new translational energy of the combined 
corrugated sheet. insulation. and inner sheet. The new translational velocity 
obtained from the calculation of (22.0 m/s)(1880 kg)/(3280 kg) for the combined 
motion is then V = 12.6 mis. 

The second stage consists of redistributing this translational momentum 
in a bending cantilever beam that is taken to represent the collapsed blow-out 
panel. such that it reappears as an initial bending momentum. The total trans­
lational momentum is simply the total mass Mt of the blow-out panel times the 
velocity V: that is. MtV. The total bending momentum in a cantilever beam with 
a uniform mass distribution per unit length Mt/L is simply the integral. over 
the entire beam length L, of this mass loading times the local beam velocity 
w'; that is. f~(Mt/L)w'dx. For this expression. w = w(x.t) denotes the local 
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beam displacement at time tand w' = w'(x,t) is the local beam velocity [42]. 

For simple bending motions of a cantilever beam, the bending mode shape 
can be assumed in such a way that the displacement w = w(x,t) is given by the 
product of a time dependent coefficient c(t) and a specified distance dependent 
mode shape function f(x). Hence, w(x,t) = c(t)f(x). The local beam velocity 
w'(x,t) is then given by c'(t)f(x), and the local beam acceleration w"(x,t) is 
c"(t)f(x). For a simple cantilever beam the mode shape f(x) can be taken, for 
all practical purposes, to be equal to 1 - (4/3)(x/L) + (1/3)(x/L)4 [42], which 
is equal to 0, 17/48, and 1 at the root (x = L), midpoint (x = L/2), and free 
end (x = 0), respectively. 

By employing these past developments, and by equating the translational 
momentum to the beam bending momentum, the initial value of c'(t=O) or simply 
c'(O) can be found, which is the value at the end of the momentum sharing phase 
or at the start of the beam bending phase. The corresponding initial velocity 
of the beam in the beam bending phase follows as w'(x,O) = c'(O)f(x). Now, the 
initial value of c'(O) for the present problem can be shown to be equal to SV/2 
or 31.5 mIs, which is needed in the next section. The initial displacement of 
the beam c(t=O) or c(O) that is also needed in the next section is, of course, 
given by c(O) = 0, because the beam is assumed to be flat initially, before the 
beam bending starts. 

It is of interest to determine the initial velocity of the bending beam 
or blow-out panel at the midpoint of the half span (x = L/2) and also at the 
free end (x = 0). From c'(O)f(x), the initial velocity w'(x,O) at tbe mid­
point (x = L/2) is 11.2 mIs and that at tbe free end (x = 0) is 31.5 mIs. Tbe 
initial velocity of the beam at the centerline support is obviously zero. It 
is interesting to observe that the initial velocity at the midpoint of tbe beam 
is about tbe same as tbe initial translational velocity of the collapsed blow­
out panel, whereas tbe free-end velocity is more than twice as large, as might 
be expected from tbe process of redistributing the same amount of momentum from 
a translating beam to a bending cantilever beam. 

5.5 Elastic Beam Bending Phase 

Before investigating the dynamic response in the elastic bending regime 
for a cantilever beam tbat is taken to represent a collapsed blow-out panel, it 
is necessary to first determine the limiting conditions for which elastic beam 
bending occurs. These conditions (maximum beam deflection and stress) signify 
the end of the elastic beam bending phase and also the start of the inelastic 
beam bending phase. These limiting conditions can be obtained from static beam 
bending theory [42] and a good understanding or experimental knowledge of the 
minimum pressure difference across the blow-out panel tbat just causes failure. 

From experimental evidence provided by Ontario Hydro, it is known that 
the blow-out panels fail under a differential pressure loading Apf of 2.4 kPa. 
For this loading the maximum deflection and stress in the cantilever beam that 
is taken to represent the blow-out panels will now be calculated. The general 
expression for the maximum free-end deflection of a uniformly loaded cantilever 
beam is qL4/(8EI), where q = ApfA/L is the uniform loading per unit length over 
the total area A and length L, E is Young's modulus of elasticity, and I is the 
moment of inertia of tbe collapsed blow-out panel. Tbe latter two properties 
bave been tabulated for quick reference in Fig. 17. The free-end deflection 
resulting from the loading that causes failure can be calculated to be 16.4 cm, 
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whieh seems to be a very reasonable deflection eonsidering the the magnitude of 
the loading and the geometry of the blow-out panel. 

Tbe maximum stress will oeeur at the eenterline of the blow-out panel. 
where it is being supported by a central I-beam. or at the root of the assumed 
cantilever beam. This maximum stress is given by the general expression Me/I. 
where M is the moment. e is the distanee from the neutral axis to the outside 
edge of the beam (4.67 cm). and I is again the moment of inertia. Tbe result­
ing maximum stress is found to be 458 MPa. wbieh is almost exaetly equal to the 
tensile strength of mild steel (460 MPa). Bence. the maximum failure stress 
for the blow-out panel is of the right magnitude for the material properties 
under eonsideration. which is very satisfying. Bowever. this a bit fortuitous 
that it worked out so elosely. eonsidering that a relatively simple cantilever 
beam has been used to represent a fairly complex blow-out panel. 

Tbe elastie beam bending phase oecurs. therefore. for beam defleetions 
at the free end ranging from 0 to 16.4 cm. with the corresponding stress at the 
beam centerline ranging fr om 0 to 458 MPa. Whenever the beam tip deflects more 
than 16.4 cm. or has a corresponding stress at the centerline that is greater 
than 458 MPa. it will tben be assumed that this additional beam defleetion is 
inelastie. The dynamic response of the elastie bending beam is now considered. 
whereas the additional dynamie response of the inelastic bending beam is eon­
sidered in the following section. 

Tbe general partial differential equation governing the dynamie mot ion 
of a beam that has mass and applied forees is 

m w" + = f(t) (5.1) 

where m = Mt/L is the beam mass per unit length. w = w(x.t) is the loeal beam 
displacement. E is Young's modulus of elastieity. I is the beam's moment of 
inertia. f(t) is the input force on the beam per unit length. x is the distanee 
along the beam. and t is time. The beam velocity is again denoted by w'(x.t) 
and the eorresponding beam aceeleration is ."(x.t). Now let the solution to 
this differential equation again have the form w(x.t) = e(t)[l - (4/3)(x/L) + 
(1/3)(x/L)4J. where e(t) is the time dependent eoeffieient. the latter part in 
square brackets is the assumed distanee dependent mode shape. and L is the 
total length of the beam. 

Tbe solution for w(x,t) is now sought by making a simple substitution of 
the assumed solution into the differential equation. Tbis step is expeeted to 
give an ordinary differential equation for e(t), whieh is a function of time t 
only. Bowever, it can be easily shown that the resulting equation will also 
eontain some terms having a dependenee on distanee x. In order to eireumvent 
this problem, ereated by employing an assumed mode shape for beam bending, an 
approximate solution for c(t) is sought. which is independent of the distanee. 
This is aehieved by employing an averaging or weighting proeess. The equation 
obtained from the substitution, with the unwanted distanee dependence, is first 
multiplied by a weighting funetion, whieh is taken here to be the bending mode 
shape, and then integrated over the entire length of the beam, thereby removing 
the dependenee on distance. This procedure yields the desired ordinary differ­
ential equation for e(t). having dependence on time only. Tbe final result is 

e"(t) + (162/13)(EI/mL4) e(t) = (81/S2)(1/m) f(t) (5.2) 

whieh ean be solved for e(t) onee the initial conditions e(O) and e'(O) are 
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specified and the forcing function f(t) is known. From the previous work on 
both the collapse phase and momentum sharing phase. we already know that the 
initial conditions for time-dependent function c(t) are simply c(O) = 0 and 
c'(O) = 31.5 mts. 

Although the col lapse phase and momentum sharing phase were quite short 
(6.85 ms). the reflected pressure loading on the blow-out panels did decrease 
slightly during this time (by 4.5~). This drop in the loading is taken into 
account, even though it is fairly small. The pressure loading for the elastic 
beam bending phase ean now be specified as Ap = AP1[1 - (t - tO)/T1], where the 
peak refleeted pressure AP1 = 21.0 kPa at the time t = to = 6.85 ms, when the 
elastie beam bending phase begins. and the re-adjusted duration Tl = 144.2 ms. 
The loading f(t) per unit length of beam ean now be e%pressed in the following 
manner as f(t) = (AP1A/L)[1 - (t - tO)/T1] = f1[1 - (t - tO)/T1]' where A is 
the area of one-half of the panel (140.6 m2), L is one-half of the panel leng th 
(3.75 m), and f1 = AP1A/L. 

The final solution to Eq. 5.2. af ter the forcing funetion is inserted 
and the initial eonditions are applied. is 

e(t) (t - tO)/Tl eos(w{t - tol/Tl) 

+ (1/ wT1) sin(w{t - tol/Tl)] 

+ [c'(O)/w] cos(w{t - tol/Tl) 

where the natura 1 frequeney of the beam in the bending mode is 

= 

(5.3) 

(5.4) 

For the present study with E = 210 GPa. I = 6.45%10-5 m4 • f1 = AP1A/L. AP1 = 21 
kPa. A = 140.6 m2 • L = 3.75 m. Mt = 1640 kg. to = 6.85 ms. Tl = 144.15 ms and 
e'(O) = 31.5 mts. one ean obtain AP1AL3/(8EI) = 1.438 mand w = 44.18 rad/s or 
7.0 Hz. This natural frequeney for the blow-out panel seems quite reasonable. 
eonsidering its geometry, construction. and materials properties. 

Results from Eqs. 5.3 and 5.4 will now be presented and discussed. From 
the deflection equation, w(%,t) = c(t)[l - (4/3)(%/L) + (1/3)(%/L)4], the free­
end deflection and velocity at % = 0 are simply equal to e(t) and c'(t). These 
results are shown graphieally in Fig. 19. as a function of time t - to, from 
the time when elastic beam bending just begins to when it just ends. The free­
end deflection increases almost linearly with time until it reaches 16.4 em and 
the elastic beam bending phase ends. The free-end velocity also increases al­
most linearly from its initial value of 31.5 mts to the value of 43.0 mts when 
elastic bending ceases. However, the beam is slowing down slightly from the 
retarding elastic forces of the beam. Note that the defleetion and velocity at 
the midpoint of the beam (where % = L/2) are 17/48 of the values just quoted, 
or 5.80 em and 15.2 mts. 

From the solution, the time duration from the beg inning to the end of 
the elastie beam bending phase is 4.39 ms, which is rather short. The reasons 
for this can be attributed to the following: the beam has a relatively high 
initial velocity, the maximum bending stress occurs af ter only a small displace­
ment, and the pressure loading that produces the mot ion is relatively high. 
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5.6 Plastic Beam Bending Phase 

In this phase the blow-out panel is taken to be a rigid. rotating beam 
with a plastic hinge at the centerline support. The retarding torque or moment 
from this plastic hinge. which opposes the moment fr om the pressure loading. is 
taken into account. as is the time dependence of the blast-wave reflected pres­
sure loading on the blow-out panel. In order to obtain an approximate solution 
for the dynamic mot ion of the blow-out panel in the plastic beam bending phase. 
a number of steps are required to establish the initial conditions for the beam 
motion. plastic retarding moment. and applied pressure loading. These will not 
be set out before the final solution and results are presented. 

When the analysis is switched fr om that for the elastic bending beam to 
that for the rigid. rotating beam. the momentum of the two beams must be equal 
at this time. This conservation of momentum leads to the new initial condition 
for the angular velocity of the rigid. rotating beam with the retarding plastic 
hinge. The momentum in the blow-out panel or bending beam in the elastic bend­
ing phase is f L

9
(Mt /L)W'dX = (Mt/L)c'(t)f~[1 - (4/3)(x/L) + (1/3) (x/L)4]dx = 

(Mt /L)c'(t)[2L S] = 2Mt c'(t)/5. The momentum in the rigid and rotating beam is 
simply f~(Mt/L)w'dx = (MtL)cp(t)f~[1 - x/L]dx = (Mt /L)cp (t)[L/2] = Mt cp (t)/2. 
where wp = w(x.t) is the displacement of the rigid. rotating beam. cp(t) is the 
corresponding time dependent coefficient. and [1 - x/L] is the mode shape for . 
rigid rotation. The conservation of momentum then leads to c~(t) = (4/5)c'(t). 
or the free-end velocity of the rigid rotating beam is four-flfths that of the 
elastic bending beam with the same momentum. At the very end of the elastic 
beam bending phase for the present problem, the free-end velocity was found to 
be 43.0 mIs. Consequently, the initial velocity of the free end of the rigid, 
rotating beam is now taken as 34.4 mIs for the plastic beam bending analysis. 
Note that the velocity at its midpoint will now be one-half of the free-end 
velocity, or 17.2 mIs. 

From the free-end velocity of 34.4 mIs and the blow-out panel length of 
3.75 m, the angular velocity of the rigid. rotating beam can be calculated to 
be 9.17 radIs. Because the beam displacement at the end of the elastic beam 
bending phase is 16.4 cm, its initial rotational displacement is approximately 
0.044 rad. These are the initial conditions needed later for the analysis of 
the dynamic mot ion of the rotating beam with a plastic hinge. 

In order to get the retarding moment MP of the plastic hinge, one must 
perform the integration for Mp = fA ~y y dA, where A is the cross-sectional 
area of the blow-out panel, a y is ~he material yield stress. and y denotes the 
distance from the centroid of the cross-sectional area. For a sequence of 
hollow triangular sections. the plastic moment Mn = (8/81)Nay [boho - bihi]O. 
where N = 268 is the number of triangles along t~e 37.5-m width of the blow­
out panel. Gy = 300 MPa denotes the yield stress of the mild steel sheets of 
the blow-out panels. bo = 14.0 cm and bi = 13.88 cm are the outer and inner 
bases of the hollow triangular sections. ho = 7.00 cm and hi = 6.88 cm are the 
outer and inner heights of the hollow triangular sections. and 0 = 1/3 has been 
inserted as a reduction factor on the plastic moment. in order to account for 
the straightening out of the triangles that would occur under severe bending 
conditions. The resulting plastic moment Mp = 77 kNm. Note that an accurate 
calculation of the plastic moment is not important. because this moment can be 
shown to play an insignificant role in the blow-out panel opening time. It is 
only a small percentage (less than 5~) of the moment produced by the blast-wave 
pressure loading. For example. a pressure loading of 20 kPa will produce a 
moment of about 5 MNm. 
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Although the total time for the collapse. momentum sharing. and elastic 
beam bending phases to be completed is relatively short (about 11.24 ms). the 
reflected blast-wave overpressure loading has dropped a small but noticeable 
amount from the original value of 22 kPa. The reflectedoverpressure at the 
beginning of the plastic bea~ bending phase is now ~P2 = 20.4 kPa. Also. the 
new duration of the remaining part of the reflected blast-wave overpressure is 
T2 = 139.8 ~s. - Hence. the reflected blast-wave overpressure on the front wall 
of the power house can be given as Ap = AP2[l - (t - t1)/T2]' where the time 
tI = 11.24 ms is the time when the plastic beam bending phase begins. Although 
this expression gives the reflected overpressure on the front wallof the power 
house. it is not necessarily the overpressure loading that produces the motion 
of the blow-out panels in the plastic beam bending phase. As soon as the blow­
out panels move and open a flow area for the blast wave to move into the build­
ing. the loading will change. The change in overpressure loading is the result 
of the blow-out panel mot ion that produces some additional space for the flow 
to expand into. the flow pressure over the blow-out panels being somewhat less 

. than the reflected pressure. and resulting counter loading on the backside of 
the blow-out panels due to the pressurization of the building interior or back­
side space by the blast-wave flow that enters the building. 

All of these effects just mentioned are not understood quantitatively 
in sufficient detail to model each one individually in any rigorous manner and 
thereby include these effects in the present analysis. Consequently. the best 
approach that is available at the present time is to use a simple model with a 
free parameter to take into account all of the effects in an approximate yet 
practical manner. With th is in mind. the net differential overpressure loading 
on the blow-out panels is taken to have the form APn = AP2[1 - {( t-t1) /T2}n]. 
in which n is the free parameter just mentioned. If n equals unity. the full 
effects of the reflected overpressure loading are then imposed on the blow-out 
panels. and all of the reductions in the overpressure loading fr om the panel 
motion is therefore neglected. This is the worst panel loading case. If n is 
less than unity. the effects of a reduction in overpressure loading is taken 
into account approximately. The reduction in the panel overpressure loading 
increases as n decreases. allowing the effects of increasing degrees of reduc­
tionto be investigated. (Note that if n equals zero. there is no overpressure 
loading on the blow-out panels.) 

An appropriate value of n is required for the present analysis. If the 
blow-out panel opening time is very short as compared to the fill time of the 
building interior behind the blow-out panels or the buildup of a significant 
counterpres8ure on the backside of the panels. then n will have a value quite 
close to unity. On the other hand. if the panel opening time is very long in 
comparison to the time to pressurize the backside of the panels. the value of n 
will be near zero to reflect this effect. For the present case of the blast­
wave flow into the Darlington Generating Station power house. it is expected 
that the value of n will be in the range from 1/4 to 1/10. However. a final 
value need not be chosen at this time. It can and will be selected later in 
the analysis. af ter its effect on the dynamic motion of the blow-out panels is 
investigated. when additional information is available on which a more reason­
able choice can be based. 

The motion of the rigid. rotating beam representing the blow-out panel 
in the plastic bending phase. having an applied overpressure loading from the 
blast wave ~nd a resisting torque from the plastic hinge. can be considered as 
an equivalent lumped mass system with applied and retarding moments. In this 
case. t~e total beam mass Mt can be located at the center of the rotating beam. 
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or at a radius re of one-half the beam length (1.875 m). The ordinary differ­
ential equation that governs the angular motion of this lumped mass system or 
beam is simply Mtre9"(t) = ML(t) - Mp, in which 9",9', and 9 are the angular 
acceleration, velocity, and displacement of the lumped mass (beam), respective­
ly. Also, Mp is the plastic retarding torque or moment, and ML = ApnArc is the 
moment resulting from the net differential overpressure loading APn = APn(t) on 
the blow-out panel having a total area A. Af ter the previous equation for the 
loading, that is, Apn = AP2[1 - {(t-t1)/T2}n], is substituted into the govern­
ing differential equation, the integration can be performed fairly readily to 
give the closed-form solution 

9 9i 9~ [t - tI] 
Mp 

[t 2 
= + - tI] 1 2 rc Mt 

AP2 A T~ 
[ 1 

2 
[ t ;2 t! r ] [ t ;2 tI f + 

2 Mt (n+1) (n+2) (5.5) 

In this solution, the initial angular displacement 9i = 0.044 radians, initial 
angular velocity ei = 9.17 radians/s, time tI for the plastic beam bending to 
begin is 11.24 ms, plastic hinge retarding moment Mp equals 77 kNm, half panel 
leng th re = 1.875 m, overpressure amplitude AP2 = 20.4 kPa, half panel area A " 
is 140.6 m2 , overpressure duration T2 equals 139.8 ms, total half panel mass M 
is 1610 kg, and free parameter n is to be chosen later. 

Results from Eq. 5.5 are now presented graphically in Fig. 20, in terms 
of the angular position of the blow-out panel or rotating beam and its free-end 
velocity as a function of the time t - tI from when the plastic beam bending 
begins. These results are also given in terms of the free parameter n, having 
values of 1, 1/2, 1/4, 1/8, 1/16 and 1/32, to illustrate the effect on the so­
lution for the blow-out panel mot ion. This effect is quite significant, as can 
be observed. For ex~mple, if n equals 1 for the worst loading case when the 
full reflected overpressure loading acts on the blow-out panel with no type of 
loading reduction, the panel rotates to its fully open position of 90 degrees 
in a short time t - tI = 38 ms, and free-end velocity would then be fairly high 
at about 240 mIs. If n = 1/8 for the more realistic case when a substantial 
reduction in reflected overpressure loading occurs, then the blow-out panels 
would become fully open af ter a longer time of 68 ms and the free-end velocity 
would be a lot lower" at 110 mIs. 

Based on the graphieal results presented for the free-end velocity of 
the blow-out panel, it is feit that areasonabie value for the free parameter n 
is about 1/16. One of the main reasons for this choiee is that the free-end 
velocity of the blow~out panel is in th is case less than 75 mIs. Higher free­
end veloeities are not expeeted in practiee, which suggests that the value of n 
for the present model must be 1/16 or even less. Free-end velocities higher 
than 75 mIs are not expeeted to occur in praetice beeause the flow velocity 
assoeiated with the blast wave incident on the power house and that inside of 
the power house do not have velocities that are even this high. Therefore, 
they eould not follow the free-end mot ion of the panel, let alone drive this 
mot ion. It is worthy to note that typical flow veloeities associated with the 
blast wave are less than 50 mIs. For the case of n = 1/16, the time t - tI for 
the blow-out panels to open fully to 90 degrees is about 91 ms, or the time t 
is about 112 ms aftef the incident blast-wave first strikes the front wallof 
the power house, and the free-end velocity at the end of the opening stage is 
approximately 75 mIs. These values were obtained from results given in Fig. 20. 
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'5.7 Flow Area Due to the Breaking Blow-Out Panels 

Af ter a detailed consideration of the approximate solution for the mo­
tion of the blow-out panels from the blast-wave loading. the flow area through 
which the blast wave enters the Darlington Generating Station power house can 
now be determined from this solution. The blast-wave flow area is not simply 
the area from the free end óf the blow-out panel to the remaining wall support 
that the free end originally rested on. Rather. it is the area obtained by 
means of the minimum distance between this remaining wall support and the blow­
out panel. and this is illustrated in Fig. 21. This distance is perpendicular 
to the blow-out panel. as shown in the figure. Furthermore. this area opening 
to the flow only beg ins to open af ter the free end of the blow-out panel moves 
completely free of the remaining wall support. which is taken to have a width 
x of 10 cm. as indicated. The angular rotation of the beam at the point when 
the free end of the blow-out panel just clears this wall support is therefore 
0.027 radians. as given in the figure. 

Based on this angle of rotation of the blow-out panel (0.027 radians). 
the time t at which the flow area starts to open is 10.0 ms af ter the incident 
blast-wave strikes the front wallof the power house. This time occurs during 
the elastic beam bending phase. which ends when the free-end displacement is 
16.4 cm (or at a time t of 11.24 ms). However. the blast-wave flow area opens 
only slightly during the elastic beam bending phase. because this phase is soon 
over (at 11.24 ms). 

The area opening for the blast-wave flow is directly proportional to the 
length ö shown in Fig. 21. Also. the total area opening to the flow will be 
directly proportional to the half panel leng th L = 3.75 m. Hence. the ratio of 
the flow opening to the total flow opening. or the normalized area opening. is 
simply equal to the length ratio ö/L. This ratio is given from the geometry in 
Fig. 21 as sin(a - Aa). where Aa is 0.027 radians and a is obtained from the 
previous solution for the mot ion of the breaking blow-out panel from the blast­
wa ve load ing •. 

The final results for the flow area of the blow-out panels through which 
the blast wave enters the power house are given in Fig. 22. The percentage of 
the totalopen flow area is shown as a function of of the free parameter n and 
the time taf ter the incident blast wave strikes the front wallof the power 
house. Immediately obvious are the following: the opening of the blow-out 
panels produce a blast-wave flow area only af ter 10 ms. the subsequent flow 
area opening occurs almost entirely in the plastic beam bending phase. the 
increase in the flow area opening is slower for smaller values of n for which 
the reduction in loading is greater. and for all values of n the main part of 
the flow a~ea opens almost linearly with time. 

For the specific case when the free parameter n equals 1/16. which was 
chosen previously to dictate the net differential overpressure loading on the 
blow-out p~nels. one could approximate accurately the blast-wave flow area op­
ening as a simply linear change with time. lf this is done. in fact. then the 
flow area would open linearly with time over a period of approximately 75 ms. · 

In order to simplify the numerical analysis of the nonstationary blast­
wave flow inside the power house. it was found convenient not to include the 
entire blow-out panel analysis in the present form in the nonstationary compu­
tations. Instead. the results of the blow-out panel analysis are included in 
the computations in a much simplified form. as a linear area opening with time. 
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6. BLAST-WAVE OVERPRESSURE ON TBE 9lJTSIDE OF TUE POWER HOUSE 

6.1 Introduction 

Obtaining a solution for the overpressure on the outside wall surfaces 
of the Darlington Generating Station power house from its interaction with the 
incident blast wave is a three-dimensional nonstationary flow problem. In view 
of the fact that a three- or even two-dimensional nonstationary flow analysis 
wil 1 not be undertaken here, a simplified analysis or a well-developed method 
is required to obtain an approximate yet realistic solution for the blast-wave 
overpressure on the exterior walls and roof of the power house. Most of the 
simplified methods of getting the blast-wave overpressure loading at a position 
of interest on the outside walls of a structure or building, including the one 
used here in, require as an input condition a knowledge of the incident blast 
wave at the location of interest. This means that the flow properties of the 
incident or free-field blast wave are required, without the presence c~ the 
structure or power house. By means of some appropriate method, the incident 
blast-wave flow properties are warped or altered to obtain the overpressure 
loading on the building exterior. Consequently, the method for obtaining all 
of the flow properties of the incident blast wave at various locations along 
the length of the power house, without any interference by the power house, is 
presented in the next section, and the results are given for later use. This . 
is then followed by the method that is employed to obtain the blast-wave over­
pressure loading on the outside walls of the power house, from the incident 
flow propert ies • 

6.2 Flow Properties of the Free-Field Blast Wave 

In order to obtain the flow properties of the free-field blast wave at 
various distances along the length of the power house, the initial spatial dis­
tributions of the incident blast wave that are tabulated in table 2 are used as 
input data for computer computations by means of the random-choice method which 
was described previously (Chaps. 2 and 4). The computations of the blast-wave 
flow are carried out step-by-step to larger radial distances and longer times, 
to get all of the flow properties. For these computations, the blast-wave flow 
area that is used was not one of the geometrical configurations for the power 
house, but it is asolid angle of a sphere. In this manner the flow properties 
of a free-field, spherical blast wave are obtained, as temporal distributions 
at any radius of interest, or as spatial distributions at any time of interest. 

Spatial distributions of the pressure ratio P/Pl' density ratio plpl' 
flow-velocity ratio u/al' and temperature ratio TI Tl are given in Fig. 23, for 
which PI' PI' al' and Tl are atmospheric values corresponding to a pressure of 
1 atm and a temperature of 288 K. In each set of distributions shown, each 
successive distribution is displaced upward slightly from the previous one, 
both for clarity and to produce the effect of a time-distance diagram. The 
time between successive distributions is always 60 ms, in these results and 
also ones to be given later. Furthermore, the number of grid zones used for 
the entire flow-field is 7S0. which will always be used for the entire flow 
field in later resul~s. 

In the first distribution at the bottom of each set. one can see the 
initial profile of the incident blast wave. just before the location of the 
front wallof the power house at distance zero. In successive distributions 
the free-running blast wave propagates to the left. lts amplitude decreases a 
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little with distance because of the spherical geometry. and its shape changes 
slightly. but this latter effect is not noticeable in the graphical results. 

Note that the vertical lines appearing in Fig. 23 are dividing lines 
between the various rooms in the geometrical configuration of the power house. 
In this case the lines correspond directly to configuration A. as depicted in 
Fig. 6. The first vertical line on the right is the location of the front wall 
of the power house (at which the distance is zero). The next line over to the 
left is the end of the turbine hall and the start of the turbine auxiliary bay. 
and so forth. 

Seven sets of temporal distributions or time histories of the pressure. 
density. flow velocity and temperature are also given in Fig. 24 (a to g) for 
the free-field running blast wave. at different distances along the power house 
corresponding to the location of the incident wave ahead of the power house and 
the centers of rooms one to six in Fig. 6. Because the time is measured from 
time zero corresponding to when the blast wave first arrives at the front wall 
of the power house. the relative time delay in the blast-wave arrival at the 
various locations is apparent in the graphical results. 

6.3 Overpressure on the Power House from the Free-Field Blast Wave 

Originally. the simplified method presented in Ref. 6 and also given in 
Ref. 2. was going to be employed to alter or warp the free-field blast-wave 
flow properties to get the overpressure loading on the outside surfaces of the 
power house. However. in the interim. this particular method was found to be 
inadequate . and judged to be inappopriate for the present problem. The reasons 
are brought out in the following few paragraphs. They have also been presented 
and discussed in more detail in Ref. 3. 

There is a conceptual and an actual difference between the blast-wave 
overpressure acting at a specific point on a surface and the average blast-wave 
overpressure loading on the entire surface. The difference is brought out most 
clearly by using a simple example. Let a flat-topped wave having an amplitude 
A and a length L move at a constant velocity V of unity over a flat surface of 
length 6L in the direction of mot ion and width W transverse to this mot ion. as 
illustrated in Fig. 25a. The resulting overpressure as a function of time at 
the surface center is sketched in Fig. 25b. The overpressure experienced at 
this point has an amplitude of A and lasts for a short period of time given by 
L/V. The ~verage overpressure loading on the entfre surface is the integral of 
the overpressure acting on the surface. taken over the entire surface at each 
new instant in time. and divided by the total area (LW). By doing this. the 
resulting overpressure loading for the example can be obtained as depicted in 
Fig. 25c. It first increases linearly from zero to A/6 in a period of time of 
L/V. then remains constant at A/6 for a time period of 5L/V. af ter which it 
falls linearly back to zero in a time period of L/V. Because of the averaging 
process over the entire surface of the overpressure acting on a part or all of 
the surface. the resulting overpressure loading for the entire surface is quite 
different than the overpressure experienced at any specific point on such a 
surface. The overpressure at a particular point and the average loading are 
nearly the same only if the length of the incident wave is much longer than 
that of the surface of interest. 

The previous example brings out clearly the difference existing between 
the overpressure acting at a specific point on a surface and the average over-
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pressure loading over the entire surface. In seeking the detrimental effects 
of blast-wave loading on a structure. therefore. it is obvious that the use of 
the average overpressure loading as defined in the previous paragraph could re­
sult in substantial misinterpretation or error. especially if the length of the 
incident wave is smaller than the length of the structure. This does not mean 
to say that the average loading as defined in the previous paragraph is always 
used as previously defined in obtaining the overpressure loading on structures 
subjected to blast waves from nuclear and chemical explosions. as can be found 
in Refs. 2 and 6. However. in determining the complete overpressure loading 
profile with time for one wallof a structure. a similar averaging process is 
used to obtain part of the profile. In such work this is reasonable. provided 
that the length of the incident wave is much greater than the length of the ob­
ject or structure. In dealing with blast waves from nuclear explosions. it is 
always assumed that the building or structure is totally engulfed or immersed 
in the blast wave. that is. the length of the structure is much smaller than 
the length of the blast wave. This is quite reasonable for such work because 
the yield of most nuclear weapons is relatively large. resulting in extremely 
long duration blast waves. Then. the approximate analysis and methods given in 
Ref. 6 are valid for application. However. this is not true in the present 
case. and this is illustrated in the next few paragraphs. 

Consider the interaction of a blast wave having a wave length À with a 
building having some typical length L. If the length of the wave is much 
smaller than that of the building. or the length ratio À/L is much less than 
unity. then. as the blast wave interacts with the building. it continuously 
diffracts around the building. moving first over the front face. then over the 
mid portion. and finally over the rear part. The interaction continuously 
produces a reflected wave that move away from the building. and the blast-wave 
flow consisting of the diffracted and reflected waves is always unsteady. At 
any particular location on the building surface the loading will be varying 
relatively rapidly with time as the blast wave passes. because the wave length 
is relatively short. and the loading cannot be obtained on the basis of using 
simple steady or quasi-steady analyses. Nonstationary flow analyses are. of 
course. required to get a meaningful loading prediction. The overpressure 
loading on the building from this type of blast wave and building interaction 
is most properly called diffraction loading or the diffraction loading phase. 

Now consider the opposite case. when the length of the blast wave is 
much larger than that of the building. or the length ratio À/L is much larger 
than unity. Then. as the blast wave interacts with the building. its wave 
front (not the entire wave) initially diffracts around the building and moves 
on. and a reflected wave front also move away from the building and decays. 
This diffraction phase ends relatively quickly. However. because the wave is 
so much longer than the building. and the flow totally engulfs the entire 
building. the flow in the latter part of the blast wave is still moving over 
the building. Because the blast-wave flow properties are changing relatively 
slowly with time. a virtually steady flow. or so-called quasi-steady flow. is 
produced around the building. In this later phase. the flow properties are 
changing relatively slowly with time and the loading on the building at any 
point can be calculated from the theory for steady flows over objects. or from 
experimental data of steady flows over modeis. provided one uses the local flow 
conditions at each new time. This phase in the interaction of a blast wave 
with a building is the so-called drag phase. and the overpressure loading is 
properly called the drag loading. 

The previous two paragraphs set out the limits of diffraction and drag 
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loading for a blast wave interacting with a structure. When the blast wave is 
much longer than the length of the building, the initial interaction is mainly 
unsteady diffraction, but because this phase does not last very long, it can 
most of ten simply be ignored, in spite of the fact that it normally results in 
a very high loading for a very short time, and then only the more extensive 
steady drag loading phase need be handled. However, even in this case, both 
stages of diffraction and drag exist, nót just one or the other, although they 
more or less are distinct phases. When the dimensions of the blast wave and 
building are nearly equal, then the blast-wave interaction with the building is 
a more or less an equal combination of diffraction and drag loading, and the 
two stages are no longer readily separable. Finally, when the blast wave is 
much shorter than the building, the diffraction stage is all important and the 
drag stage really ceases to exist. However, the unsteady flow over each part 
of the building must be computed before one can obtain the overpressure loading 
on each part of the building. 

Although the length ratio À/L is a good conceptual guide for indicating 
which type of blast loading is important (diffraction and/or drag), there is 
little data available that helps specify the limits of each different loading 
phase in terms of precise values of À/L. The present opinion is that for À/L 
values greater than two the dominant loading mechanism is the drag loading and 
the diffraction loads can be safely neglected. However, as the value of À/L 
becomes smaller, the diffraction loading becomes a more and more important part 
of the combined diffraction and drag loading, and, therefore, it cannot be 
neglected. 

In the present problem of the blast-wave flow over the power house, the 
length of the incident blast wave is approximately 70 m, whereas the length of 
the power house in the direction of the blast-wave mot ion is almost twice as 
long at about 125 m. This means the ratio À/L is about 0.6. As a consequence, 
many parts of the analysis and method of obtaining the blast-wave loading on 
structures as set out in Refs. 2 and 6 are simply not valid for the present 
problem. The blind application of such methods could lead to erroneous results 
and misinterpretations. In fact, the initial, straighforward application of 
the method presented in Ref. 6 lead to quite unreasonable overpressure profiles 
for the loading on the walls and roof of the power house. Hence, this method 
is abandoned in this study. 

The present procedure of obtaining good estimates of the overpressure 
loading on the front, side, top, and rear walls of the power house, as weIl as 
the final results, are now presented. In the case of the front wallof the 
power house, in which the blow-out panels are located, the reflected overpres­
sure of the incident blast wave is simply taken as double that of the incident 
wave, because the wave is quite weak. The pressure relief resulting from rare­
faction waves coming from the sides and top of the building are simply ignored, 
because their shape is not known. For a point in the center of this wall, the 
relief wave from the top would arrive af ter a time t of about 70 ms, and those 
from the two side walls would arrive a lot later, af ter about 150 ms. The 
former would have some influence on reducing the overpressure loading on the 
front wall, whereas the latter would effectively have none, due to its late 
arrival time. The resulting overpressure loading on the power-house front wall 
is shown in Fig. 26a. 

For the overpressure loading on the side walls and roof, it is assumed 
that the blast wave incident on the power house negotiates the front wallof 
this building and then has a sufficient distance to readjust to essentially · the 
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free-field condition. Because the power house is long compared to the blast­
wave length, this is areasonabie assumption. As the incident blast wave moves 
farther along the outside of the building the reflected wave from the front of 
the building and the relief waves from the sides will continuously get weaker, 
leaving a more~or-less free-field blast wave. Under such simplifying assump­
tions, the blast-wave overpressure loading on the side walls and roof, at the 
same distance from the explosion center, will be the same. The three overpres­
sure loading signatures for the side walls and roof are presented graphically 
in Fig. 26 (b, c, and d), one for the center of the turbine hall (location 1 in 
room 1 in Fig. 6), one for the latter part of the turbine auxiliary bay (loca­
tion 3 in room 3), and the last one for the midpoint of the reactor building 
(location 5 in room 5). 

The overpressure loading on the outside of the rear wallof the power 
house is finally sketched in Fig. 26e. This overpressure loading is lower than 
the overpressure of the incident wave at the same radial location, and it also 
starts at a later time, all because of the nature of the assumed flow over the 
rear of the power house or building. To estimate this overpressure loading, 
some of the shock-wave loading data obtained experimentally from simple models 
placed in shock tubes were employed as a guide (see Refs. 43 to 45). The load­
ing on this rear wall starts later than the arrival at this radial location of 
the free-field blast wave, because the incident wave must also propagate down . 
the rear wall to its center, where the overpressure loading is estimated. This 
delays the start of the overpressure loading at the center of the rear wall by 
approximately 70 ms. 

7. BLAST-WA VE OVERPRESSURE INSIDE THE POWER HOUSE 

7.1 Introduction 

The numerical results for the nonstationary blast-wave flow inside the 
power house, for geometrical configurations A to Edescribed in chapter 3, and 
obtained with the numerical analysis outlined in chapter 2, are given in this 
chapter. These results are presented along with discussion, but most of the 
conclusions are reserved for a later chapter. Pertinent observations that make 
the numerical results understandable are, of course, required. 

Numerical results are given for three different blow-out panel opening 
times of 0, 100, and 500 ms, in order to illustrate the effects of different 
opening times on the results. No results are given for the specific opening 
time of 75 ms, that was determined from the blow-out panel analysis presented 
in chapter 5, for the following reasons. Firstly, the original blow-out panel 
analysis, which was much cruder than the one given in chapter 5, gave a value 
of just over 100 ms. This subsequent work was then guided by this original 
result. Secondly, in spite of the better analysis for the blow-out panels, it 
is believed that an even more refined analysis would give a somewhat longer 
blow-out panel opening time. Finally, results for 75 ms are not very different 
than those for 100 ms. Bence, it was deemed not worthwhile to re do all of the 
costly computer runs to get new but only slightly different results. 

Although the three sets of spatial distributions for pressure, density, 
flow velocity and temperature for the three different opening times are shown 
as separate sets of graphical results (e.g., see Fig. 27a, 27b and 27c), the 
sets of temporal distributions of pressure, flow velocity, density and tempera­
ture at each location of interest for the three different opening times are 
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condensed onto corresponding graphs. so that the results for different opening 
times can be compared readily (e.g •• see Fig. 27d to 271). 

7.2 Results for Configuration A 

For configuration A. the three small rooms under the hoistway are in­
cluded in the blast-wave flow path (number 1) at the end of the reactor build­
ing (see Fig. 6 and section 3.2). mainly to get a good estimate of the over­
pressures in these small rooms. The spatial and temporal distributions of the 
pressure. density. flow velocity. and temperature for this configuration are 
shown in Fig. 27 (a to 1). 

The spatial distributions are excellent for showing the nonstationary 
wave motion. For example. as the blast wave that moves to the left enters the 
power house through the blow-out panels. a reflected wave forms and moves off 
to the right. At other area changes within the power house. reflected waves 
are also produced. and these also move off to the right. Some of these are re­
flected again and these re-reflected waves then follow the primary wave to the 
left. The spatial distributions contain some numerical noise. which is typical 
of the random-choice method. It can be reduced by using a finer computational 
grid. or more grid points to represent the flow field. However. the increased 
cost of using a finer grid was not judged worthwhile to reduce the numerical 
noise any further. 

When the opening time of the blow-out panels is very short (e.g •• 0 ms). 
the blast wave incident on the power house enters the power house through the 
openings almost unhampered or unchanged. except for the initially double peaked 
front (see Fig. 27a). In this case the reflected wave from the contraction in 
area of 75% at the blow-out panels is N shaped. rather short. and not highly 
significant. When the blow-out panel opening time is long (e.g •• 500 ms). the 
blast wave inside the power house is altered more substantially. lts front is 
no longer steep but rather smooth and spread out. although it steepens from a 
compression front into a shock front with increasing distance (see Fig. 27c). 
The reflected wave is no longer a short N-shaped wave but is one of substantial 
length. because the slow opening time of the blow-out panels makes the front 
wallof the power house more of a rigid reflecting wall (Fig. 27c). 

Thetemporal distributions are excellent for illustrating how the tran­
sient flow changes with time at some particular spatial location or in some 
particular room of interest. Such signatures are important in the determina­
tion of the maximum pressures and flow velocities of interest. However. the 
particular signature shape does not indicate which direction the wave or waves 
are moving or how the maximum values are produced. Therefore. it is not always 
possible to distinguish the primary wave from the reflected and re-reflected 
waves. or if the maximum pressure or flow velocity is the result of one wave or 
a combination of waves. 

From the graphical results for the time signatures of the flow proper­
ties. the following observations can be made. Firstly. the overpressure and 
other flow properties in each room are lower for increasing opening times of 
the blow-out panels. especially for an long opening time of 500 ms. From an 
opening time in the range of 0 to 100 ms. the reduction is not highly signifi­
cant. Seco~dly. for short opening times. the peak amplitude of the blast wave 
that traveils inside the turbine hall (room 1) is approximately the same as 
that of the incident wave. because the effects of the area reduction of the 
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blow-out panels are not very significant if they open rapidly. Thirdly, owing 
to the convergence in flow area from the turbine hall to the reactor building 
(rooms 1 through 5) and the resulting reflected waves, the blast wave inside 
these rooms actually increases in strength or amplitude as it travels through 
thema Fourthly, the overpressure in the reactor building increases further 
from the reflection of the primary blast wave at the end wallof the reactor 
building, or at the severe area convergence existing at the first of the three 
small rooms. This overpressure increase is particularly noticeable in room S. 
Finally, the peak overpressure in the three small rooms is rather higher than 
expected, being almost equal in amplitude to that of the incident blast wave. 
This is partly due to the focussing of the blast wave as it propagates through 
the power house, and partly due to the high reflected overpressure that occurs 
at the entrance to the first of the three small rooms. 

One might ask why the reflected wave from the front wallof the power 
house with instantly or rapidly breaking blow-out panels is N-shaped. This can 
be explained easily on the basis of previous research given in Ref. 13. When a 
shock wave with subsonic flow behind its front interacts with an area change, 
the reflected wave is a shock wave for an area reduction and a rarefaction wave 
for an area enlargement. Hence, for a convergent-divergent area change like 
that of the blow-out panels the reflected wave should consists of a shock wave 
followed by an expansion wave, giving rise to the N shape. Af ter the initially 
transient flow from the blast-wave front interacting with the blow-out panel 
openings is over, and the N-shaped wave has left the vicinity of the blow-out 
panels, the flow finally decays into an approximately steady or quasisteady 
flow through these panel openings, and the blast wave continues to move through 
the openings without additional reflection effects. When the blow-out panels 
open more slowly than about 50 ms, the reflection process is altered from that 
just described and more extended in time. Then the reflected wave is no longer 
simply N shaped. 

7.3 Results for Configuration B 

For configuration B, the three small rooms under the hoistway are not 
included in the flow path (number 1), and the blow-out panels in the rear wall 
of the power house are allowed to open from the overpressure loading of the 
blast wave moving through the reactor building (see Fig. 7 and section 3.3). 
The spatial and temporal distributions of the pressure, density, flow velocity, 
and temperature for this configuration are shown in Fig. 28 (a to i). 

Spatial and temporal distributions of pressure, flow velocity, density, 
and temperature for configuration Bare similar to those for configuration A, 
especially for rooms 1 through 4, with the following exceptions. Because the 
flow path does not include the three small rooms at the end, but rather a rear 
wall with breaking blow-out panels, the reflected wave from this rear wall is 
now changed appreciably from configuration A to B, especially for the case of a 
short opening time of the blow-out panels. When the panels blow out instantly 
(0 ms), the reflected wave is again N shaped, rather short, and not highly sig­
nificant (see Fig. 28a). On the other hand. when the opening time is long (500 
ms), the reflected wave from the rear wallof the reactor building is much more 
substantial or longer, as one might expect (see Fig. 28c). 

In the temporal distributions, the reflected overpressure of the blast 
wave which was sustained for some time for configuration A (Fig. 27i) is now 
onlya short spike (N-shaped wave) for configuration B (Fig. 28i). This should 
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be expected because the breaking of the blow-out panels in the reactor-building 
rear wall will provide a pressure relief inside the building, especially when 
the blast-wave flow over the exterior of the power house is ignored. 

7.4 Results for Configuration C 

For configuration C, the blast-wave flow inside the three small rooms is 
considered $eparately (see Fig. 8 and section 3.4). Tbe blast-wave flow into 
these rooms is computed on the basis of employing the blast-wave flow in room 6 • 
from configuration B as the initialor input conditions, and by using a separate 
random-choice method computation for obtaining these unsteady-flow results, as 
mentioned earlier in section 3.4. Tbe spatial and temporal distributions of 
the flow properties for this configuration are presented in Fig. 29 (a to f). 

Tbe overpressure, flow velocity, density, and temperature histories of 
the blast-wave flow inside the three small rooms have rather slowly rising or 
compression-wave fronts, rather than sudden rises or shock-wave fronts, mainly 
because of head losses suffe red by the flow as it goes through the convergent­
divergent area constriction into the first and subsequent rooms. The rate of 
rise at the begining of these signatures is lower for subsequent rooms~ because 
of the increasing number of area constrictions and total head losses that the 
flow experiences. Furthermore, the rate of rise at the begining of these sig­
natures is less for the case of longer blow-out panel opening times, but this 
is principally due the slower rises on the initial blast-wave flow in room 6, 
which were used as input data. 

In the case of fairly rapid blow-out panel opening times of 0 and 100 ms, 
for which the input blast-wave flow has a steep or shock front, the flow surges 
into room 1 fairly rapidly and reflects at the area reduction to room 2. This 
reflected wave and others that follow from this room (and the other two rooms) 
set up flow oscillations or surges in room 1. Tbis is readily evident in the 
flow-velocity signature in Fig. 29d, where flow-velocity surges even produce 
reverse direction flows. The same surges are not nearly so prominant in the 
overpressure, density, and temperature signatures, because single compressive 
waves and crossing compressive waves both increase the pressure, density, and 
temperature. Hence, these signatures do not have the same shape as those for 
the flow velocity. Flow surges are much less in room 2 and almost nonexistent 
in room 3, because of the additional convergent-divergent area constrictions 
and their associated head losses, which act as a good damping mechanism on the 
transmission of flow surges. 

Tbe flow-property signatures in rooms I, 2, and 3 are approximately the 
same for the case of blow-out panel opening times of 0 and 100 ms, especially 
during early times, mainly because the initialor input conditions of the blast­
wave flow in room 6 are quite similar. The signatures for the longer opening 
time of SOQ ms increase more slowly and are substantially smaller in amplitude 
than those for opening times of 0 and 100 ms, especially during early times, 
because th. input flow properties in room 6 ri se more slowly. Furthermore, the 
peak amplitude of the overpressure signatures is essentially less for longer 
blow-out panel opening times, especially in rooms 2 and 3, because of the com­
bination of the finite duration of the incident wave and the damping mechanism 
of the area constrictions with their associated head losses. 

It is now worthwhile to compare the peak amplitudes of the overpressure 
and other signatures for rooms I, 2, and 3 from geometrical configurations A 
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and C. in order to observe the effects of the two different modeis. Note that 
configuration A includes the three small rooms at the end of flow path number 1 
and also excludes blow-out panels breaking at the rear of tbe power bouse (see 
section 3.2 and Fig. 6). wbereas configuration C includes blow-out panels tbat 
break at tbe rear of tbe power house (section 3.3 and Fig. 7) and bandles tbe 
tbree small rooms separately from flow patb number 1 as a type of brancbed duct 
flow (section 3.4 and Fig. 8). Hence. overpressure and otber signatures given 
earlier in Figs. 27j to 271 for configuration A sbould now be compared to tbose 
presented bere in Figs. 29d to 29f for configuration C. Note tbat tbe vertical 
scales for the overpressure. density. and temperature signatures are different 

, for configurations A and C. 

The comparison will reveal tbe following observations. Tbe basic sbapes 
of tbe flow-property signatures for configurations A and Care similar. but tbe 
amplitudes for tbose of configuration A are approximately twice as bigh as tbose 
of configuration C. Tbe reasons for this difference in amplitude is easily 
understood. For configuration A. tbe blast wave inside tbe power bouse largely 
reflects at tbe entrance to tbe tbree small rooms. because no breaking blow-out 
panels are included in tbis particular model. thereby providing a higb reflected 
overpressure to drive tbe flow into tbe tbree small rooms. On tbe otber hand. 
for configuration C witb tbe breaking blow-out panels. only tbe normal blast­
wave overpressure inside the power bouse. wbicb is about one-balf tbat of tbe . 
reflected wave. forces the flow into tbe three small rooms. Consequently. it 
should be expected tbat tbe amplitude of the overpressure and most other flow 
properties for tbe case of configuration C would be only rougbly one-balf of 
tbat for tbe case of configuation A. Detailed differences in tbe signatures 
and their amplitudes of configurations A and C are. of course. due to detailed 
model differences. 

7.5 Results for Configuration D 

For configuration D. tbe tbree small rooms are included in tbe flow patb 
(number 1) at tbe end of the reactor building (see Fig. 9 and section 3.5). For 
tbis configuration tbe tbree room volumes at the end of tbe flow path bave been 
adjusted sucb tbat tbe artificial configuration geometry (Fig. 10) corresponds 
to tbe case wben the blow-out panels in tbe rear wallof tbe reactor building 
break open instantly. yet the predicted blast-wave flow in eacb of tbe tbree 
small rooms sbould be typical of wbat actually bappens in a real brancbed duct 
flow (see section 3.5). 

Spatial and tempora 1 distributions of pressure. floW velocity. density. 
and temperature for configuration D appear in Fig. 30 (a to 1). Tbey are given 
for all of tbe rooms (from 1 to 9). not just for tbe three small rooms (7 to 9) 
that have been enlarged. 

A comparison of results for configurations A. B. C. and D is wortbwbile. 
Only tbe main results are mentioned bere. Note that results for rooms 1 to 6 
are mentioned first. followed by tbose for tbe tbree small rooms. Spatial and 
temporal distributions for the pressure. flow velocity. density, and temperature 
for configuration D are most similar to those for configuration B, especially 
for rooms 1 to 6, as one might expect. because in both cases tbe blow-out panels 
in the rear wallof tbe reactor building break open. However. because the blow­
out panels open instantly in tbe rear wallof the reactor building wben tbe wave 
arrives for configuration D. and tbe extra three small rooms bave been enlarged 
considerably, tbe reflected wave for configuration D is one of rarefaction only 
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instead of one of compression followed by one of rarefaction for configuration 
B. This makes the blast-wave flows in configurations Band D differ slightly, 
especially close to the end of the flow path in rooms 5 and 6 of the reactor 
build ing. 

The flow-property signatures in the three small rooms for configurations 
A, C, and D have roughly similar shapes, but the amplitudes are different. The 
amplitudes for configuration D are most similar to those of configuration C, and 
both of these are about one-half those of configuration A, because the overpres­
sure that drives the blast-wave flow into the three small rooms does not result 
from a reflected wave. One might expect that the amplitudes for configurations 
Band D should be similar, albeit the peak overpressures for the' three smal1 
rooms in configuration D is somewhat smaller by approximately 35% than those 
for configuration C. Both sets of resu1ts are essentially for the same case of 
breaking blow-out panels in the rear wallof the reactor building and the three 
small rooms are included in different but supposed1y equivalent ways. 

7.6 Results for Configuration E 

For configuration E, an alternate blast-wave flow path (number 2) in the 
power house is considered (see Fig. 11 and section 3.6). For this lower flow 
path a blast wa11 exists between rooms 5 and 6. The main aim is to investigate 
the blast-wave overpressure occurring in room 6, behind the blast wall with the 
smallopening. The spatia1 and temporal distribution of the pressure, density, 
flow velocity, and temperature are given in Fig. 31 (a to h). 

The spatial distributions of the pressure, flow velocity, density, and 
temperature are, for the most part, similar to those found for configurations A 
and B, especially in rooms 1 to 5, with the fo1lowing exception. Owing to the 
blast wal1 with the sma1l fixed-area opening through which the blast wave must 
travel to get into room 6, the peak overpressure in room 6 is quite small, as 
one might have expected. 

8. PRESSURE DIFFERENCE ACROSS TBR POWER-HOUSE WALLS 

The pressure difference across the Darlington Generating Station power­
house walls from the blast-wave overpressure loading on the outside and inside 
of the power house is presented in this chapter. This pressure difference is 
defined herein to be the blast-wave overpressure on the outside walls minus the 
overpressure on the inside wa1ls. Consequently, a positive pressure difference 
corresponds to net inward pressure or crushing force on the building wall and a 
negative pressure difference corresponds to a net outward pressure or expand­
ing force on the building wall. The net overpressure difference is obtained by 
employing information that was already presented in chapters 6 and 7, for blast­
wave overpressures acting on the outside and inside walls of the power house. 
Most of the information can be used in a straightforward manner to get the net 
pressure loading, and no further details are given. 

The fina1 four sets of results for the pressure differences across the 
front wall: across the sides and roof at location and room numbers I, 3 and S: 
and across the rear wa1l are presented in Figs. 32, 33, 34, and 35, for geomet­
rica1 configurations A, B, D, and E, respectively. For each set of results the 
opening tim~ of the blow-out panels is 100 ms. Results for opening times that 
are shorter (e.g., 0 and 10 ms) are very nearly the same as those presented. 
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Results for longer opening times like 500 ms will, of course, be different; 
however, as these opening times are not typical for the blow-out panels, such 
results are not presented here. 

In the case of the front wall, it first experiences the reflected over­
pressure loading of the blast wave from the outside. As the blast-wave flow 
enters the turbine hall, af ter an initial delay of 10 ms before the blow-out 
panels begin to open slowly, it then eventually counters this outside loading, 
and the net pressure difference on the front wall then decreases, as shown in 
Figs. 32 to 35. Tbis is why thelarge spike with an amplitude of about 0.2 atm 
or 20 kPa occurs at the front of the signature. Reflected waves arriving in 
the turbine hall at later times eventually produce a larger overpressure inside 
the turbine hall than outside the front wall, resulting in a negative net pres­
sure on the front .wall. 

In the cases of rooms I, 3, and 5, the blast-wave overpressures on the 
outside and inside of the power house are nearly the same initially. Hence, 
they tend to counter or cancel each other, except at the leading edge of the 
wave or signature. Because the blast wave on the outside of the building 
arrives a bit sooner than that on the inside, because the blow-out panels take 
a finite time to open, the leading edge of the wave has a spike of about 0.1 
atm or 10 kPa. At later times in the signatures, for the pressure difference 
for rooms I, 3 and 5, the net pressure difference is either negative or posi­
tive depending on whether the reflected waves are compressions or rarefactions, 
respectively. Tbe type of reflected wave depends on whether the blow-out 
panels in the rear wallof the power house remain closed or break open, as 
mentioned in the last chapter. 

In tbc case of the rear wallof the power house, the blast-wave outside 
of the building always arrives later than that on the inside, because the wave 
outside takes additional time to move down the rear wall to its center point. 
Hence, the pressure difference on the rear wall is initially negative or out­
wards, before it is finaUy countered by the overpressure of the wave on the 
outside of the building. The initial spike can also be quite large, because 
the blast wave inside the reactor building reflects from the rear wall as a 
compression wave in configurations A and B. For configuration D, there is a 
reflected rarefaction wave and the initial spike is lower. Finally, for con­
figurat ion E, the pressure in the last room is very low; hence, the pressure 
difference is also smalle 

9 • CONCLUSIONS 

It is important to first determine which scenario is the most likely one 
to occur, that is, which geometrical configuration should be employed for the 
numerical computatiQns of the nonstationary blast-wave flow inside and outside 
the Darlington Generating Station power house. In order to make this selection 
for blast-wave flow path number 1 through the upper portion of the power house, 
the numerical results for the pressure difference across the rear wallof the 
power house that are presented in Figs. 32 to 35 need to be considered. From 
such a consideration, it should become readily apparent that the pressure dif­
ference across the blow-out panels in the rear wall is sufficiently high that 
they would break anq open, for each geometrical configuration (A, B, and D). 
Hence, configuration A, for which the blow-out panels are assumed not to break, 
is not realistic, and it becomes more or less of tangential interest only. Con­
figurations Band D then become of primary interest, as weIl as configuration C 
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for g1v1ng the blast-wave flow in the three small rooms from input conditions 
from configuration B. Note that numerical results for the case of the blow-out 
panels opening in 100 ms are the main ones of interest and the only ones that 
will be considered in this chapter. 

Although both the spatial and temporal distributions for configurations 
Band D have been discussed previously in chapter 7, some final comments are 
worthwhile making here. In rooms 1 to 5 for configurations Band D, the peak 
overpressures of the blast wave are approximately the same, and they are quite 
similar to that of the incident blast wave (0.1 atm or 10 kPa). Furthermore, 
the overpressure signatures are also fairly similar. This is because the end 
condition for the blow-out panels in the rear wallof the reactor building is 
not markedly different for configurations Band D. For configuration B, the 
blow-out panels open over a period of 100 ms starting from when the blast wave 
first arrives there, whereas, for configuration D, the blow-out panels open 
instantly and the three small rooms with a much increased size are connected 
directly to the back of the reactor building. For the last case of the reactor 
building (room 6), the peak overpressures of the blast wave can, for a short 
period of time, be larger by 50% than that of the incident wave. This is due 
in part to the focussing of the blast wave as it moves through the power house 
and in part to reflections of the primary wave from the back wallof the power 
house. One can conclude, therefore, that geometrical configurations Band D 
both give practically the same numerical predictions for rooms 1 to 6, and 
especially rooms 1 to 5. 

For the case of the three small rooms, predictions of the blast-wave 
flow in .these rooms are given for configurations C and D. In both predictions 
the numerical results are very similar, with the amplitude of the blast wave 
being somewhat lower for case D than C (by 35%). The lower results for config­
uration D could weIl be due to an inaccurate specification of the enlargement 
factor for the three small rooms, because this factor is quite arbitrary. The 
prediction for configuration C is judged to be the most appropriate, because it 
is based on the most realistic physical model. This model would also result in 
somewhat of an overprediction of the blast-wave amplitudes in the rooms, or give 
conservative values, because the initialor forcing blast-wave flow in room 6 of 
configuration B is not reduced in strength by any loss of mass, momentum, and 
energy to the three small rooms, as mentioned previously. For configuration D, 
therefore, the peak overpressures in the three small rooms is typically less 
than about 0.06 atm or 6.0 kPa for the first small room, and correspondingly 
less for the second and third ones. 

For the case of configuration E and flow path number 2, the blast wall 
is very effective in limiting the amplitude of the blast wave that finally 
enters the room behind it via the smallopening. The peak overpressure in the 
last room is typically less than about 0.025 atm or 2.5 kPa. 

10. CONCLUDING REMARKS 

The present models of the blast-wave flows inside and outside the power 
house are one-dimensional, which are approximate for actual blast-wave flows 
and buildings. It would, of course, be very interesting to obtain numerical 
predictions with more realistic two- or even three-dimensional modeis, although 
it is realized that this not only would require additional human efforts but 
would also especially need increased computational costs. Although details of 
the blast-wave flow should be predicted more accurately and additional details 
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found. which would be quite interesting from a scientific and engineering point 
of view. it is not expected that significantly different and important results 
would be obtained in regard to the blast-wave pressure loading on the inside 
and outside walls of the power house. 
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Table 1 

Temporal variation of the flow properties of 
the blast wave incident on the power house, 
at a radius of 494.5 m. 

Time Overpressure Sound Speed Density Flow Velocity 
(ms) (p - PI) /PI a/al p/ PI · u/al . 

0.0000 0.1131 1. 0154 1.0795 0.0772 
1.0696 0.1129 1. 0154 1.0794 0.0772 
2.1590 0.1117 1. 0153 1.0785 0.0763 
3.2286 0.1115 1. 0152 1.0784 0.0763 
4.3180 0.1099 1. 0150 1.0773 0.0753 
5.3877 0.1097 1. 0150 1.0772 0.0753 
6.4770 0.1082 1. 0148 1.0761 0.0742 
7.5467 0.1070 1. 0148 1.0753 0.0736 
8.6360 0.1060 1. 0145 1.0746 0.0730 
9.7057 0.1059 1. 0145 1.0745 0.0730 

10.7950 0.1047 1. 0143 1.0737 0.0722 
11.8805 0.1046 1. 0143 1.0736 0.0722 
12.9541 0.1039 1. 0142 1.0731 0.0718 
14.0395 0.1037 1. 0142 1.0730 0.0718 
15.1131 0.1026 1. 0141 1.0722 0.0712 
16.1985 0.1021 1.0139 1.0719 0.0709 
17.2721 0.1013 1. 0139 1.0713 0.0704 
18.3575 0.1011 1. 0139 1.0712 0.0704 
19.4271 0.1003 1.0138 1.0706 0.0699 
20.5165 0.1003 1.0138 1.0706 0.0698 

21.6059 0.0978 1.0134 1.0689 0.0683 
22.6755 0.0977 1.0134 1.0688 0.0683 
23.7649 0.0969 1.0133 1.0682 0.0677 
24.8345 0.0949 1.0131 1.0668 0.0664 
25.9239 0.0941 1.0130 1.0663 0.0660 
26.9935 0.0940 1.0130 1.0662 0.0660 
28.0829 0.0925 1. 0127 1.0652 0.0650 
29.1525 0.0924 1. 0127 1.0651 0.0650 
30.2419 0.0914 1. 0126 1.0644 0.0643 
31.3116 0.0912 1. 0126 1.0643 0.0643 

32.4009 0.0894 1. 0123 1.0631 0.0631 
33.4706 0.0882 1. 0122 1.0622 0.0624 
34.5599 0.0876 1. 0121 1.0618 0.0620 
35.6454 0.0874 1.0120 1.0617 0.0620 
36.7189 0.0858 1.0119 1.0605 0.0609 
37 .8044 0.0857 1.0118 1.0605 0.0609 
38.8740 0.0852 1.0118 1.0601 0.0605 
39.9634 0.0850 1.0117 1.0600 0.0605 
41.0330 0.0840 1.0116 1.0592 0.0598 
42.1224 0.0835 1.0115 1.0590 0.0597 
43.1920 0.0787 1. 0109 1.0556 0.0565 
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Table 1 (continued) 

Temporal variation of the flow properties of 
the blast wave incident on the power house, 
at a radius of 494.5 m. 

Time Overpressure Sound Speed Density Flow Velocity 
(ms) (p - PI)/pI a/al plPI u/al 

44.2814 0.0786 1.0109 1.0555 0.0565 
45.3510 0.0778 1.0108 1.0549 0.0559 
46.4404 0.0776 1. 0107 1.0548 0.0559 
47.5100 0.0765 1. 0106 1.0541 0.0552 
48.5994 0.0764 1. 0106 1.0540 0.0552 
49.6691 0.0757 1. 0105 1.0535 0.0548 
50.7584 0.0756 1. 0105 1.0534 0.0548 
51.8280 0.0737 1. 0102 1.0521 0.0535 
52.9174 0.0736 1. 0102 1.0520 0.0535 
53.9871 0.0727 1. 0101 1.0514 0.0529 

55.0764 0.0727 1. 0101 1.0514 0.0528 
56.1461 0.0705 1.0098 1.0498 0.0515 
57.2354 0.0704 1.0098 1.0498 0.0515 
58.3051 0.0699 1.0097 1.0494 0.0510 
59.3945 0.0687 1. 0095 1.0486 0.0503 
60.4641 0.0683 1.0095 1.0483 0.0501 
61.5535 0.0682 1.0095 1.0482 0.0501 
62.6231 0.0672 1.0094 1.0475 0.0494 
63.7125 0.0671 1. 0093 1.0475 0.0494 
64.7821 0.0648 1.0090 1.0458 0.0478 

65.8715 0.0647 1.0090 1.0458 0.0478 
66.9411 0.0633 1.0088 1.0448 0.0470 
68.0266 0.0622 1.0087 1.0440 0.0462 
69.1001 0.0621 1. 0087 1.0439 0.0461 
70.1856 0.0620 1.0087 1.0438 0.0461 
71.2591 0.0609 1.0085 1.0431 0.0455 
72.3446 0.0608 1.0085 1.0430 0.0455 
73.4181 0.0602 1.0084 1.0426 0.0450 
74.5036 0.0601 1.0084 1.0425 0.0450 
75.5732 0.0586 1. 0082 1.0415 0.0440 

76.6626 0.0579 1.0081 1.0410 0.0436 
77.7322 0.0564 1. 0079 1.0400 0.0426 
78.8216 0.0563 1. 0079 1.0399 0.0426 
79.8912 0.0559 1.0078 1.0396 0.0423 
80.9806 0.0558 1. 0078 1.0395 0.0423 
82.0502 0.0533 1. 0074 1.0378 0.0407 
83.1396 0.0532 1. 0074 1.0377 0.0407 
84.2290 0.0530 1. 0074 1.0375 0.0405 
85.2986 0.0525 1.0073 1.0372 0.0402 
86.3880 0.0521 1. 0073 1.0369 0.0401 
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Table 1 (continued) 

Temporal variation of the flow properties of 
the blast wave incident on the power house, 
at a radius of 494.5 m. 

Time Overpressure Sound Speed Density Flow Velocity 
(ms) (p - PI)/PI a/al p/pI u/al 

87.4576 0.0521 1. 0073 1.0369 0.0401 
88.5470 0.0505 1.0071 1.0358 0.0390 
89.6166 0.0504 1.0071 1.0357 0.0390 
90.7060 0.0489 1.0069 1.0346 0.0379 
91.7757 0.0488 1.0068 1.0346 0.0379 
92.8650 0.0480 1. 0067 1.0340 0.0373 
93.9347 0.0472 1.0066 1.0335 0.0368 
95.0240 0.0470 1.0066 1.0333 0.0367 
96.0937 0.0469 1.0066 1.0332 0.0367 
97.1791 0.0467 1.0066 1.0331 0.0364 

98.2685 0.0466 1.0066 1.0330 0.0364 
99.3381 0.0436 1. 0061 1.0309 0.0344 

100.4275 0.0435 1. 0061 1.0309 0.0344 
101.4971 0.0425 1.0060 1.0301 0.0336 
102.5865 0.0423 1.0060 1.0300 0.0336 
103.6561 0.0421 1.0060 1.0298 0.0335 
104.7455 0.0420 1.0059 1.0298 0.0335 
105.8151 0.0415 1.0059 1.0294 0.0330 
106.9045 0.0414 1.0058 1.0294 0.0330 
107.9741 0.0409 1.0058 1.0290 0.0326 

109.0635 0.0408 1.0057 1.0290 0.0326 
110.1332 0.0383 1.0054 1.0272 0.0309 
111.2225 . 0.0369 1.0052 1.0262 0.0300 
112.2922 0.0360 1. 0051 1.0255 0.0294 
113.3815 0.0359 1.0051 1.0255 0.0294 
114.4709 0.0344 1. 0049 1.0244 0.0286 
115.5406 0.0344 1.0049 1.0244 0.0286 
116.6259 0.0337 1.0048 1.0239 0.0281 
117.6996 0.0337 1.0048 1.0239 0.0281 
118.7850 0.0334 1.0047 1.0237 0.0281 

119.8586 0.0334 1.0047 1.0237 0.0281 
120.9440 0.0329 1.0046 1.0234 0.0279 
122.0176 0.0329 1.0046 1.0233 0.0279 
123.1030 0.0323 1.0046 1.0229 0.0276 
124.1726 0.0322 1.0046 1.0228 0.0276 
125.2620 0.0304 1.0043 1.0216 0.0265 
126.3316 0.0304 1.0043 1.0216 0.0265 
127.4210 0.0298 1.0042 1.0212 0.0262 
128.4906 0.0293 1.0042 1.0208 0.0259 
129.5800 0.0276 1.0039 1.0196 0.0248 
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Table 1 (continued) 

Temporal variation of the flow properties of 
the blast wave incident on the power house, 
at a radius of 494.5 ID. 

Time Overpressure Sound Speed Density Flow Velocity 
(ms) (P-Pl)/Pl a/al p/pl u/al 

130.6694 0.0276 1. 0039 1.0196 0.0248 
131.7390 0.0265 1.0038 1.0188 0.0241 
132.8087 0.0265 1.0038 1.0188 0.0241 
133.8980 0.0252 1. 0036 1.0179 0·0233 
134.9677 0.0252 1. 0036 1.0179 0.0233 
136.0570 0.0247 1.0035 1.0175 0.0231 
137.1464 0.0231 1.0033 1.0164 0.0221 
138.2160 0.0228 1. 0032 1.0162 0.0219 
139.3054 0.0227 1. 0032 1.0161 0.0219 
140.3751 0.0221 1. 0031 1.0157 0.0215 

141.4644 0.0220 1.0031 1.0157 0.0216 
142.5341 0.0207 1.0030 1.0147 0.0206 
143.6195 0.0206 1. 0029 1.0147 0.0206 
144.6931 0.0188 1.0027 1.0134 0.0194 
145.7785 0.0185 1. 0027 1.0131 0.0193 
146.8521 0.0181 1.0026 1.0129 0.0191 
147.9375 0.0181 1.0026 1.0128 0.0191 
149.0111 0.0174 1.0025 1.0124 0.0187 
150.0965 0.0174 1.0025 1.0124 0.0187 
151.1701 0.0169 1.0024 1.0120 0.0183 

152.2555 0.0168 1.0024 1.0119 0.0183 
153.3251 0.0163 1.0023 1.0116 0.0181 
154.4145 0.0162 1.0023 1.0115 0.0181 
155.4842 0.0151 1.0022 1.0107 0.0173 
156.5735 0.0150 1. 0021 1.0107 0.0173 
157.6432 0.0137 1.0020 1.0097 0.0165 
158.7325 0.0136 1. 0019 1.0097 0.0165 
159.8219 0.0129 1. 0018 1.0092 0.0161 
160.89l6 0.0129 1. 0018 1.0091 0.0161 
161.9809 0.0114 1. 0016 1.0081 0.0150 

163.0506 0.0114 1. 0016 1.0081 0.0150 
164.1399 0.0100 1. 0014 1.0071 0.0141 
165.2096 0.0100 1.0014 1.0071 0.0141 
166.2990 0.0093 1.0013 1.0066 0.0137 
167.3686 0.0092 1. 0013 1.0065 0.0137 
168.4579 0.Q088 1. 0012 1.0063 0.0135 
169.5276 0.0088 1. 0012 1.0062 0.0135 
170.6170 0·0080 1. 0011 1.0057 0.0130 
171.6866 0.0080 1. 0011 1.0056 0.0130 
172.7720 0·0069 1. 0010 1.0049 0.0123 
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Table 1 (continued) 

Temporal variation of the flow properties of 
the blast wave incident on the power house, 
at a radius of 494.5 m. 

Time Overpressure Sound Speed Density Flow Velocity 
(ms) (P-Pl)/Pl a/al P/ Pl u/al 

173.8614 0.0069 1. 0010 1.0049 0.0123 
174.9310 0.0065 1.0009 1.0046 0.0121 
176.0204 0.0064 1.0009 1.0045 0.0121 
177.0901 0.0054 1.0008 1.0038 0.0114 
178.1794 0.0054 1.0008 1.0038 0.0114 
179.2491 0.0052 1.0007 1.0037 0.0114 
180.3384 0.0039 1.0005 1.0028 0.0105 
181.4081 0.0038 1.0005 1.0027 0.0104 
182.4975 0.0038 1.0005 1.0026 0.0104 

183.5671 0.0028 1.0004 1.0020 0.0098 
184.6564 0.0027 1.0004 1.0019 0.0098 
185.7261 0.0023 1.0003 1.0016 0.0096 
186.8155 0.0023 1.0003 1.0016 0.0096 
187.8851 0.0021 1.0003 1.0014 0.0095 
188.9745 0.0021 1.0003 1.0014 0.0095 
190.0441 0.0006 1.0001 1.0004 0.0085 
191.1335 0.0006 1. 0001 1.0004 0.0085 
192.2031 -0.0002 1.0000 0.9998 0.0079 

193.2925 -0.0003 0.9999 0.9998 0.0079 
194·3621 -0.0017 0.9997 0.9988 0.0070 
195.4515 -0.0017 0.9997 0.9988 0.0070 
196.5211 . -0.0020 0.9997 0.9985 0.0068 
197.6105 -0.0031 0.9996 0.9977 0.0060 
198.6801 -0.0047 0.9993 0.9966 0.0049 
199.7656 -0.0047 0.9993 0.9966 0.0049 
200.8392 -0.0057 0.9992 0.9959 0.0042 
201.9246 -0.0058 0.9992 0.9958 0.0042 

202.9982 -0.0066 0.9990 0.9953 0.0037 
204.0836 -0.0066 0.9990 0.9953 0.0037 
205.1572 -0.0072 0.9990 0.9948 0.0033 
206.2426 -0.0077 0.9989 0.9945 0.0030 
207.3320 -0.0078 0.9989 0.9944 0.0030 
208.4016 -0.0078 0.9989 0.9944 0.0030 
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Table 2 

Spatial variation of the flow properties of 
the blast wave incident on the power house. 

Distance Overpressure Flow Velocity Density 
(m) (p - Pl) Ipl u/al plpl 

494.51 0.11315 0.07716 1.07954 
493.87 0.11196 0.07643 1.07871 
493.23 0.11036 0.07549 1.07760 
492.59 0.10881 0.07455 1.07653 
491. 94 0.10774 0.07391 1.07579 

491.30 0.10681 0.07346 1.07514 
490.66 0.10567 0.07278 1.07435 
490.02 0.10497 0.07248 1.07387 
489.38 0.10393 0.07186 1.07314 
488.74 0.10348 0.07172 1.07283 

488.10 0.10264 0.07124 1.07224 , 

487.45 0.10190 0.07085 1.07173 
486.81 0.09948 0.06932 1.07005 
486.17 0.09864 0.06882 1.06946 
485.53 0.09666 0.06767 1.06809 

484.89 0.09599 0.06729 1.06762 
484.25 0.09446 0.06634 1.06656 
483.61 0.09347 0.06578 1.06586 
482.96 0.09166 0.06463 1.06460 
482.32 0.09039 0.06394 1.06372 

481. 68 0.08984 0.06363 1.06333 
481.04 0.08809 0.06263 1.06212 
480.40 0.08757 0.06233 1 ~ 061 75 
479.76 0.08645 0.06174 1.06097 
479.12 0.08613 0.06159 1.06075 

478.47 0.08111 0.05839 1.05725 
477.83 0.08028 0.05788 1.05666 
477.19 0.07914 0.05727 1.05587 
476.55 0.07846 0.05686 1.05539 
475.91 0.07649 0.05563 1.05401 

475.27 0.07566 0.05512 1.05343 
474.63 0.07347 0.05368 1.05190 
473.98 0.07285 0.05341 1.05147 
473.34 0.071 72 0.05270 1.05068 
472.70 0.07128 0.05253 1.05037 

472.06 0.07023 0.05188 1.04963 
471.42 0.06783 0.05040 1.04795 
470.78 0.06642 0.04949 1.04696 
470.14 0.06530 0.04881 1.04618 
469.49 0.06520 0.04878 1.04610 
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Distance 
(m) 

468.85 
468.21 
467.57 
466.93 
466.29 

465.65 
465.00 
464.36 
463.72 
463.08 

462.44 
461.80 
461.16 
460.51 
459.87 

459.23 
458.59 
457.95 
457.31 
456.67 

456.02 
455.38 
454.74 
454.10 
453.46 

452.82 
452.18 
451.53 
450.89 
450.25 

449.61 
448.97 
448.33 
447.69 
447.04 

446.40 
445.76 
445.12 
444.48 
443.84 

Table 2 (continued) 

Spatial variation of the flow properties of 
the blast wave incident on the power house. 

Overpressure 
(P-PI)/PI 

0.06417 
0.06337 
0.06193 
0.06114 
0.05963 

0.05914 
0.05655 
0.05626 
0.05553 
0.05390 

0.05222 
0.05130 
0.05040 
0.05008 
0.04850 

0.04692 
0.04570 
0.04559 
0.04538 
0.04481 

0.04422 
0.04147 
0.04006 
0.03904 
0.03756 

0.03698 
0.03676 
0.03638 
0.03579 
0.03396 

0.03347 
0.03292 
0.03112 
0.02999 
0.02869 

0.02819 
0.02649 
0.02619 
0.02560 
0.02419 

Flow Velocity 
u/al 

0.04811 
0.04771 
0.04677 
0.04637 
0.04538 

0.04518 
0.04346 
0.04333 
0.04287 
0.04177 

0.04075 
0.04015 
0.03955 
0.03941 
0.03834 

0.03726 
0.03655 
0.03650 
0.03642 
0.03605 

0.03565 
0.03387 
0.03293 
0.03234 
0.03134 

0.03091 
0.03087 
0.03064 
0.03028 
0.02902 

0.02868 
0.02841 
0.02719 
0.02651 
0.02563 

0.02539 
0.02421 
0.02405 
0.02365 
0.02265 

Density 

P/ PI 

1.04538 
1.04482 
1.04381 
1.04325 
1.04219 

1.04185 
1.04002 
1.03982 
1.03931 
1.03816 

1.03698 
1.03633 
1. 03569 
1.03547 
1.03436 

1.03325 
1.03238 
1.03231 
1.03216 
1.03175 

1.03134 
1.02940 
1.02840 
1.02768 
1.02663 

1.02622 
1.02607 
1.02580 
1.02538 
1.02409 

1.02374 
1.02335 
1.02208 
1.02127 
1.02036 

1.02000 
1.01880 
1.01858 
1.01816 
1.01716 
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Table 2 (continued) 

Spatial variation of the flow properties of 
the blast wave incident on the power house. 

Distance Overpressure Flow Velocity Density 
(m) (P-PI)/PI u/al p/p i 

443.20 0.02219 0.02137 1.01574 
442.55 0.02184 0.02112 1.01549 
441. 91 0.02079 0.02050 1.01475 
441. 27 0.02028 0.02015 1.01439 
440.63 0.01971 0.01986 1.01398 

439.99 0.01845 0.01897 1.01308 
439.35 0.01701 0.01801 1.01206 
438.71 0.01625 0.01747 1.01152 
438.07 0.01467 0.01634 1.01040 
437.42 0.01312 0.01536 1.00930 

436.78 0.01241 0.01485 1.00879 
436.14 0.01203 0.01457 1.00852 
435.50 0.01117 0.01400 1.00791 
434.86 0.01003 0.01317 1.00709 
434.22 0.00956 0.01294 1.00676 

433.58 0.00851 0.01219 1.00601 
432.93 0.00831 0.01215 1.00587 
432.29 0.00683 0.01109 1.00481 
431.65 0.00666 0.01107 1.00469 
431. Ol 0.00562 0.01032 1.00395 

430.37 0.00512 0.01007 1.00359 
429.73 0.00494 0.00992 1.00347 
429.09 0.00327 0.00883 1.00227 
428.44 0.00234 0.00816 1.00161 
427.80 0.00078 0.00707 1.00050 

427.16 0.00047 0.00684 1.00027 
426.52 -0.00082 0.00588 0.99935 
425.88 -0.00378 0.00385 0.99723 
425.24 -0.00468 0.00318 0.99659 
424.60 -0.00548 0.00270 0.99602 

423.95 -0.00595 0:00235 0.99568 
423.31 -0.00609 0.00233 0.99558 
422.67 -0.00629 0.00216 0.99544 
422.03 -0.00737 0.00139 0.99466 
421. 39 -0.00803 0.00090 0.99419 

420.75 -0.00820 0.00067 0.99407 
420.11 -0.00872 0.00025 0.99370 
419.46 -0.00901 0.00013 0.99349 
418.82 -0.00990 -0.00055 0.99285 
418.18 -0.01059 -0.00095 0.99236 
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p- --

Blast-wave front 
just b,efore its 
interaction with 
the power house 

Fig. 1. I11ustration of the Dar1ington Generating Station, showing 
an incident blast-wave front from a hypothetical exp1osion 
at the Canadian Nationa1 Rai1road tracks (not shown here). 

• 



Power 
house 

Incident blast-wave front 

Fig. 2. Illustration of a blast wave interaction with the Darlington 
Generating Station power house, depicting the incident wave 
and reflected waves outside the power house, as weIl as the 
wave inside the building which entered through the blow-out 
panel openings. 
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ical expression 
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by the van der Corput ~ Random-Number Algorithm 
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Fig. 4. Illustration of the grid layout for the flow field (a) 
and the wave pattern for the solution of the shock-tube 
problem between two consecutive grid points (b). 
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Fig. 5. 

Flow path 1 for the blast-wave flow inside the power house 

Flow path 2 for the blast-wave flow inside the power house 

Three small rooms below the hoistway, at 
the left of the power house shown above 

Opening in the blast wall between the turbine auxiliary bay 
and the reactor building, near the bottom of the power house 

Side V1ew of the Darlington Generating Station power house. 



Room 2 ~Blow-out panel location 

r-_.Lr----Io..---, - - - - ... - - -- - -

• 1 

hall ---Lt:a:e ::n~ 
incident on the 
power house 

~----------------Power house 

Room Room Length Cross-sectional 
number description (m) area (m 2

) 

1 Turbine hall 54.0 2,597 
2 Turbine auxiliary bay (region 1) 9.0 2,112 
3 Turbine auxiliary bay (region 2) 10.5 2,244 
4 Reactor building (region 1) 9.0 1,294 
5 Reactor building (region 2) 27.0 697 
6 Reactor building (region 3) 14.5 1,367 
7 First room below hoistway 4.0 431 
8 Second room below hoistway 3.5 670 
9 Third room below hoistway 7.5 560 

Minimum area .between: 

outside and room 1 linearly increasing with 
(blow-out panels) time from ° to 2,016 m2 

rooms 6 and 7 40.6 m2 

rooms 7 and 8 40.6 m2 

rooms 8 and 9 40.6 m2 

Area of the front wall 
of the building associated 2,691 m2 

with flow path number 1 

Fig. 6. Geometrical configuration A for flow path number 1 in the 
upper part of the power house. The three small rooms below 
the hoistway are included at the end of the flow path, with 
their original lengths and cross-sectional areas. 



Blow-out panel location 
(rear wall) 

Room 2 

• • ••• L 5 4" 

• 1 

building Turb~ne 
Turbine 

hall 

L' auxiliary bay 

~~----------- Power house 

front 
incident on the 
power house 

Room Room 
number description 

1 
2 
3 
4 
5 
6 

Turbine hall 
Turbine auxiliary bay (region 
Turbine auxiliary bay (region 
Reactor building (region 1) 
Reactor building (region 2) 
Reactor building (region 3) 

Minimum area of blow-out 
panels in the front wall 

Minimum area of blow-out 
panels in the rear wall 

Area of the front and rear 
walls of the power house 
associated with flow path 
number 1 

Length Cross-sectional 
(m) area (m 2

) 

54.0 2,597 
1) 9.0 2,112 
2) 10.5 2,244 

9.0 1,294 
27.0 697 
14.5 1,367 

linearly increasing with 
time from 0 to 2,016 m2 

linearly increasing with 
time from 0 to 915 m2 

2,691 m2 

Fig. 7. Geometrical configuration B for flow path number 1 in the 
upper part of the power house. The three small rooms are 
excluded from the flow path, and the blow-out panels in 
the rear wallof the power house are allowed to break and 
open. 
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number 

1 
2 
3 

{ROOm 3 

• 
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• 
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Three small rooms 
below the hoistway 

• 
1 

Incident 

Room Length Cross-sectional 
description (m) 

First room below hoistway 4.0 
Second room below hoistway 3.5 
Third room below hoistway 7.5 

Minimum area between: 

outside .and room 1 
40.6 2 

(entrance) m 

rooms 1 and 2 40.6 2 m 

rooms 2 and 3 40.6 m2 

Fig. 8. Geometrical configuration C for the 
three small rooms below the hoistway. 

area (m 2 ) 

431 
670 
560 



Room 2 ;-B10w-out panel location 
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sma11 rooms 
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\. 
I. Turbine ha11 

Turbine 
auxi1iary bay 

--Lt:a~e ~:n~ 
incident on the 
power house 

~-----------------Power house----------------~ 

Room Room Length Cross-sec ti onal 
number description (m) area (m 2

) 

1 Turbine hall 54.0 2,597 
2 Turbine auxiliary bay (region 1) 9.0 2,112 
3 Turbine auxiliary bay (region 2) 10.5 2,244 
4 Reactor building (region 1) 9.0 1,294 
5 Reactor building (region 2) 27.0 697 
6 Reactor building (region 3) 14.5 1,367 
7 First room below hoistway 4.0 10,131 
8 Second room bel ow hoistway 3.5 15,767 
9 Third room below hoistway 7.5 13,171 

Minimum area between: 

outside and room 1 1inear1y increasing with 
(blow-out panels) time from 0 to 2,016 m2 

rooms 6 and 7 950 m2 

rooms 7 and 8 950 m2 

rooms 8 and 9 950 m2 

Area of the front wa11 of 
the power house associated 2,691 m2 

with flow path number 1 

Fig. 9. Geometrica1 configuration D for flow path number 1 in the 
upper part of the power house. The three sma1l rooms be10w 
the hoistway are inc1uded at the end of the flow path, with 
their origina1 lengths but much 1arger cross-sectiona1 areas. 
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'-Area A = Ao + A3 
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increased by the factor 

Ao + A3 = 23.5 

Fig. 10. Illustration of how the branched flow path to the outside of the 
reactor building and to the three small rooms (a) is changed to 
a single flow path to the three small rooms with modified cross­
sectional areas (b) for the one-dimensional numerical analysis, 
in order to get arealistic estimate of the blast-wave flow in 
these three sma11 rooms for geometrical configuration D. 
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Room Room 
number description 

1 
2 
3 
4 
5 
6 

Turbine hall (region 1) 
Turbine hall (region 2) 
Turbine hall (region 3) 
Turbine auxiliary bay (region 
Turbine auxiliary bay (region 

I Reactor building 

Minimum area of blow-out 
panels in the front wall 

Minimum area in the blast 
wall between rooms 5 and 6 

Area of the front wallof 
the power house associated 
with flow path number 2 

Length Cross-sectional 
(m) area (m 2 ) 

18.0 999 
18.0 675 
18.0 1,134 

1) 9.0 783 
2) 10.5 1,094 

50.5 459 

linearly increasing with 
time from 0 to 887 m2 

1,350 m2 

Fig. 11. Geometrical configuration E for flow path 2 in the lower 
part of the power house, which contains a small opening 
in the blast wall between the turbine auxiliary bay and 
the reactor building, 

• 



• 

Time t 

Charge 

vr Partiele or 
•• ,. Piston Path • .,. . . . . . . . 
•• • I. • • • • • • 

J 
. C~lculated 
• Flow Field 

• --t: .' . 
• ~I . 

I • 

Test Site Radius r 

Blast-Wave 
Front 

Expanding Spherical 
Piston 

Fig. 12. Explosion flow field produced by 
an expanding spherical piston. 



a) 

Time 

Initial 
time 

b) 

Time 

c) 

Time 

~ 
Coordinate point for the 

: specified piston path 

J, ~ Spline~ curve ~hrough Lr' ~ . coord1nate p01nts 

" " ........ ~ : ........ Flow field to 
~~ be calculated ........ 

,/ """" .......... "­
t:lt1 

_____ ~~4~---Initial slope of 
, splined curve , 

Initial 
distance 

Piston 
path 

, , 
•• I I 

Particle 
path 

, · · · · 

Distance 

Distance 

Initial particle and 
shock paths 

/tIJ'-
Initial r / Modified 
piston i i piston 
path ~s1 path 

, , 
I , ., 

jJJ 
Subsequent particle 

and shock paths 

Distance 
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of the flow field in front of the moving piston (b), and the 
first modification to the piston path that gives the modified 
flow field. 
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Fig. 14. Illustrations of alternate methods of specifying the 
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distribution at a fixed time (a) or a temporal dis­
tribution at a fixed distance (b). 
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Fig. 15. A sketch of one blow-out panel, showing the 
basic shape, dimensions and r-beam supports. 
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Fig. 16. Side view of the blow-out panel. 



corrugated steel 
(0.61 mm thick) 

3.8 cm 
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"- Inner steel sheet Fiberg1ass 
(0.61 mm thick) insu1ation 

Data for one-half of the blow-out panel 
with an overall size of 3.75 m by 37.5 m 

Mass of the outer corrugated 
mild steel sheet 

Mass of the 1nner flat mild 
steel sheet 

Mass of the fiberg1ass 
insu1at"ion 

Tota1 mass of the blow-out 
panel (one-ha1f) 

Moment of inertia of the 
co1lapsed blow-out panel 

940 kg 

670 kg 

30 kg 

1,640 kg 

-5 4 6.45 x 10 m 

Properties of the mild steel of the outer and 
inner steel sheets of the blow-out panels. 

Density 7,850 kg/m 3 

Young's modulus of 
210 GPa elasticity (E) 

Yield strength 300 MPa 

Tensi1e strength 460 MPa 

Fig. 17. Sketch of the cross section of the blow-out panel 
and tables of relevant date of various parts of 
the blow-out panel. 
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Fig. 18. Illustrations of the overpressure of the incident 
blast wave and the resulting reflected overpressure 
on the front wallof the power house (a), and the 
collapsed blow-out panel from the resulting blast­
wàve loading. 
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Fig. 19. Free-end deflection and velocity of the 
blow-out panel as a function of time, 
during the elastic beam bending phase. 
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Fig. 20. Angular position and free-end velocity of the 
blow-out panel as a function of time, during 
the plastic beam bending phase. 
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Fig. 21. Illustration of the area opening to the 
blast-wave flow from the breaking of the 
blow-out panels. 
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Fig. 22. Blast-wave flow opening as a percentage of the 
total area opening produced by the breaking of 
the blow-out panels. 
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Fig. 23. Spatial distributions of pressure, density, flow velocity 
and temperature for the free-field blast wave, without the 
presence of the power house. 
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Fig. 24a. Free-field blast-wave signatures of pressure, flow velocity, 
density and temperature just ahead of the front wall pf the 
p owe r house. 
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Fig. 24b. Free-field blast-wave signatures of pressure, flow velocity, 
densityand temperature at location 1 in room 1 (of Fig. 6). 
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Fig. 24c. Free-field blast-wave signatures of pressure, flow velocity, 
density and temperature at location 2 in room 2 (of Fig. 6). 
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Fig. 24d. Free-field blast-wave signatures of pressure, flow velocity, 
density and temperature at location 3 in room 3 (of Fig. 6). 
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Fig. 24e. Free-field blast-wave signatures of pressure, flow velocity, 
densityand temperature at location 4 in room 4 (of Fig. 6). 
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Fig. 24f. Free-field blast-wave signatures of pressure, flow velocity, 
density and temperature at location 5 in room 5 (of Fig. 6). 
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Fig. 25. Illustration of the difference between the 
overpressure at the panel center and the 
average overpressure loading on the entire 
panel surface. 
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Fig. 26. Overpressure loading at various places indicated 
on the outside walls and roof of the power house. 
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Fig. 27a. Spatial distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
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Fig. 27b. Spatial distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

A 
100 ms 
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Fig. 27c. Spatial distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 
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Fig. 27d. Tempora! distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 

A 
o ros 

100 ms 
500 ros 

1 



--~-----

1.2 

0.1 

0.0+-------------~~------_+~~--_r--_7.~~_+7_~_+~~ 

Time (ms) 

Fig. 27e. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 
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Fig. 27f. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 
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Fig. 27g. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 
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Fig. 27h. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 
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Fig, 27i. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 
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Fig. 27j. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 
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Fig. 27k. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 
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Fig. 271. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 

A 
Oms 

100 ms - ---
500 ms .•.... 
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Fig. 28a. Spatial distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: B 

Blow-out panel opening time: o ms 
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Fig. 28b. Spatial distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow~out panel opening time: 

B 
100 ms 
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Fig. 28c. Spatial distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
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Fig. 28d. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 
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Fig. 28e. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 
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Fig. Z8f. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
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Fig. 28g. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 
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Blow-out panel opening time: 
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and temperature for the blast-wave flow field inside 
the power house. 
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Fig. 30d. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 
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Fig. 30e. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 
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Fig. 30f. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
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and temperature for the blast-wave flow field inside 
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and temperature for the blast-wave flow field inside 
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Fig. 31d. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 
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Fig. 31e. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power qouse. 
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Fig. 31f. Temporal distributions of pressure, density, flow velocity 
and temperature for the blast-wave flow field inside 
the power house. 

Geometrical configuration: 
Blow-out panel opening time: 

Location and room number: 

E 
Oms 

100 ms ----
500 ms ••.••• 

4 



1.2 

1.0L----I.i...,~· .~ .. ~.~~~......-. ....... _-_.t_~ 
o 200 400 600 

Time (ms) 
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