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INTRODUCTION

Prediction of nuclear air blast wave propagation in air entrainment
systems of hardened facilities has been the subject of extensive effort.
Refinement of a Lagrange computer code prepared by the Civil Engineering
Laboratory (CEL) (Ref. 1) has been completed under the sponsorship of
the Omaha District Corps of Engineers, U.S. Army. This refined finite-
difference hydrodynamic code using a psuedo-viscosity method in a Lagrange
formulation can provide solutions for classical nuclear blast wave or
other general time-variant pressure waves in air. The solutions pre-
sented in this report are for one-dimensional shock wave propagation in
a constant area duct with the effects of viscosity at the duct wall
included.

The CEL hydrodynamic code is capable of handling a variable area
cross-section and flows with wave propagation in either direction in a
duct, including shock reflection at a boundary.

Following is a description of the CEL code, including background
for the finite-difference equation theory and formats for input and
output. The code includes equations of state that are appropriate for
air temperatures to 24,000°K.

Air entrainment systems having branches from the main duct may be

analyzed by proper sequential application of the code to each branch.

COMPUTER CODE DESCRIPTION

The CEL hydrodynamic code is a one-dimensional variable area code
which includes viscous effects at the duct wall. The code is suitable




for computation of time-dependent flows, including moving shock waves,

in a single duct of either constant or variable cross sectional area.

Two types of duct entrance boundary conditions can be specified at the
duct inlet; the flow parameters for a classical nuclear blast wave
(pressure, temperature, and dynamic pressure) or any general time variant
flow state.

Duct entrance geometric configurations that can be specified are a
surface side-on entry, a duct-to-duct T-junction, and a duct-to-duct
Y-junction, typified in Figure 1.

The boundary condition at the exit of a duct is that of a rigid

wall where particle velocity is specified as zero.

Basic Equations

The inclusion of variable area does not alter the form of either
the momentum equation or the energy equation. These equations are,
therefore, the same as for a constant area duct, as given in Reference 2.

The momentum equation is

L R | Rt | |
i - D “I“ (1)

and the energy equation is

Je  _ ¥ el
T RraggoR |“| (2)
where p = pressure
e = internal energy per unit mass
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a wall friction coefficient

o
n

duct diameter

The system of equations is completed by the equation of state that, for
the analysis presented here, takes the form

e=7’%vr (3)

Where, in the above, y is the adiabatic exponent for a real gas. Deter-
mination of the value of y is explained in the section on equations of
state. For purposes of computation, Equations 1, 2 and 3 with the
definitions for the velocity, u, and the Lagrange zone mass are written
in finite difference form utilizing the pseudo-viscosity method of shock

wave treatment of Reference 3.

Finite Difference Equations

The finite difference equations used to numerically integrate the
set of basic equations given earlier is presented in detail in Refer-
ence 1. Also included in Reference 1 is the stability criterion that

must be satisfied for the finite difference equations to be stable.

Boundary Conditions

Duct Inlet Boundary Conditions. The general computer code is

capable of the following inlet boundary conditions:

(1) A shock wave of constant strength

(2) A shock wave of simple exponential decay




(3) A classical nuclear blast wave

(4) Any time variant flow state where pressure, temperature,

and dynamic pressure are specified as a function of time

For predicting the flow environment in air entrainment systems subjected
to nuclear blast waves, only boundary conditions (3) and (4) are used;
therefore, these two conditions will be presented here.

To simulate nuclear blast waves where a significant negative pres-
sure phase occurs, a simple exponential decay relationship (Equation 10
of Reference 1) is replaced by more appropriate relationships, such as
those given in Reference 4. These relationships that are used in side-on

entrance calculations for a surface wave are given below:

-blt -bzt -b3t
P, = BT R Al e + A2 e + A3 e 1-1) ()
+
where T = (&= ts)/Dp
t = time from weapon detonation as in Reference 4
t = shock arrival time
D$ = duration of positive pressure phase
Pos shock peak overpressure at t = ts

The quantities Al, Az, A3, bl’ b2, and b3 are constants for which values
are given in Reference 4 for a l-megaton nuclear burst. In addition to
a relationship for the surface pressure (ps), relationships for the

dynamic pressure (Qs), and the temperature (Ts), are required.
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b

- 6
Tso(t—) (6)
s
+
where w = ([t - ts)/Du |
DI = duration of positive velocity phase ?
QSo = peak dynamic pressure at t = ty | 4
Tso = shock temperature at t = tg

The quantities AA’ AS’ b&’ bS’ and b6 are constants for which values are
obtained from Reference 4. For defining the temperature-time history
using Equation 9, the parameters Tso and b6 have different values for
the time intervals between ts and the time when peak temperature is
reached; for the times after the peak temperature is reached, Equations 4,
5, and 6 completely define the dynamic and thermodynamic state of the
air above an inlet from which other variables can be obtained.

The total enthalpy is required for side-on entrance simulation and

is defined as

P
h = e + ==

hoil THSES
ts s Py i 2 s )

The density, Pg» is computed using Equations 4 and 6, and the | 4

et e

equation of state,




e * T°T T (8)

The parameter Zs is a function of temperature and density and is deter-
mined as explained in the section on equations of state.

The internal energy (es) is determined from

P
" * 50, D )
S °s

where ¥s is also a function of temperature and density.

The particle velocity (us) is computed using Equation 5 and the
definition

(10)

Simulation of a side-on type entrance, such as that shown in Fig-
ure 1, is achieved by evaluating the flow losses from point s to point e
through the use of experimental data reported in Reference 5. This flow
loss is measured by the entropy increase from point s to point e.
Assuming that Z, R, and y do not change significantly from point s to

point e, this entropy can be expressed in terms of state variables as

il PO ZR 1n (ﬁ§;> < (11a)
s
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and in terms of stagnation variables as

y/y-1
I Tte pts
se - ss = ZR 1n T__ e (11b)
ts Pie,

In the above equations Ts’ Pg» Te’ and P, are static temperatures and
pressures at points s and e, respectively, and Tts’ Pygr Tte’ and Peo
are stagnation temperatures and pressures. Equating relationships

(Equations 1la and 11b) yield a desired relation for the duct entrance

static pressure, P> in the form

Y/ 3-1
: Pee) [(Te ) (L (12)
pe Ps pts Tte Ts

In this relationship, y is evaluated at point s. The stagnation pressure

ratio (pte/pts) can be expressed by the relation

Pie

= exp (-2.3026 AM.) (13)
Pes

where "s is the flow Mach number at point s and A1 is an empirical
constant determined from the experimental data of Reference 5. A plot
of this experimental data for the side-on entrance is shown in Figure 2
which shows the linear relationship between log (pte/pts) and Ms in the
supersonic region of interest here. The ratio Tts/Ts in relation (Equa-
tion 12) is determined directly from Ms, which is known from the given
flow state at s. In order to determine the ratio Te/Tte the flow Mach

number at point e (Me) must be determined. The value of He is evaluated




e

as a function of MS, also from the data of Reference 5; therefore,
Te/’l‘te is also determined from the known value of ”s‘ The relationship
between Me and Ms is shown in Figure 3.

When using the computer code to predict wave propagation in a
branch duct of a system, such as the horizontal duct in Figure 1, the
time histories of pressure, temperature, and dynamic pressure are
required at the inlet boundary to this branch duct. These time histories
are provided in the code in the form of polynomials. Specifically, the

pressure, the temperature, and the dynamic pressure are in the form

s 2 7
P, T 8, *t & € % &, € - toagt
Q. = b, + bt * b t2 + +h t7 (14)
5 a 1 g Ut 7
i 2 7
TS = Co + cl Eort c2 t s + c7 t

For this case, Equation 14 replaces Equations 4, 5, and 6, and the
remaining Equations 7 through 13 are the same as for the nuclear case.

The value of the empirical constant A, in Equation 13 depends upon

1
the geometrical configuration at the duct entrance; e.g., a side-on

entrance, a T-junction, or a Y-junction. To determine accurately the

values of A , the transmitted shock strength calculated by the code was

l’
obtained for four values of A1 with an incident shock overpressure of
1,000 psi. The results are shown in Figure 4 with the values of A1 that
will yield a transmitted shock overpressure in agreement with the data

of Reference 5.

Duct Exit Boundary Conditions. The boundary condition at the exit

end of a duct is considered a closed-end condition because the particle
velocity at that point will remain zero. The finite difference form of

this boundary condition is given in Reference 1.




Rezoning Method

The finite difference equation options for the entrance interface
are such that flow directions can reverse, and outflow can occur when
the surface pressure becomes less than the pressure in the duct.

When a new zone is formed at the duct entrance, the internal energy
of the new zone is determined by assuming the total enthalpy at points s

and e are equal. This assumption yields

g - BB as

where hts is the total enthalpy at point s. The equation of state has
been used in obtaining Equation 15. The value of hts is known, since
values for all shock parameters are known at point s; it is given by
Equation 7. The value of u, is, however, unknown and is approximated by
the value calculated during the previous time cycle. An iteration
technique could be used to improve the value used for ug» but a compari-
son of computed results with experimental data showed this to be unneces-
sary (Ref 2). The pressure in the new zone is initially assumed as the
mean between the inlet pressure (pe) and the pressure in the second
zone. This approximate method for establishing a new inlet zone to
allow mass inflow yields a result for the shock peak pressure that is
approximately 5% high and a shock speed that is approximately 2% high.

A more detailed discussion of rezoning is given in Reference 1. Adjust-

ment of the entrance loss coefficient (Al) as previously explained,

reduces these errors and mere closely matches the predicted peak pressure

with the experimental data.

Equation of State Options

Two equation of state subroutines are available in the CEL computer

code: (1) the equation of state for an ideal gas that is accurate for
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temperatures up to 1,000°K and (2) a real gas equation of state that is
accurate for temperatures up to 24,000°K. The basic theory upon which

these subroutines are based is given below.

Perfect Gas Equation of State. The equation of state for an ideal

gas can be written in the form:

b= pRT (16)
where p = pressure
p = density
R = particular gas constant
T = absolute temperature

Because of the computational advantages offered by the use of Equation 16,
most problems of shock transmission through gases are solved using the
ideal gas law. Moreover, the ideal gas law yields simple analytical
relationships between the various shock parameters. The thermally and
calorifically perfect gas is, however, an idealization; and real gases,
depending on their temperature and pressure, will deviate from it to

varying degrees. It has been noted from experience (Ref 6) that the
ideal gas law predicts the shock flow parameters with good accuracy up
to temperatures of 1,000°K. However, at higher temperatures, the number
of particles per unit mass and, hence, the average molecular weight of
the gas may change due to molecular dissociation, chemical reactions,
and ionization. Thus, when computing flow parameters for shocks through
gases at high temperatures and moderately high pressures, the ideal gas
equation must be modified to include the contributions by additional
degrees of freedom to the energy of the gas molecules that were not
excited at low temperatures.

10
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Real Gas Equation of State. The real gas equation of state can be

written in the form:

P = PZRT (17)

where Z is the compressibility factor, which is a function of temperature
and density and is equal to 1 for temperatures below 1,000°K and is

greater than 1 for temperatures above 1,000°K. The manner in which Z
varies with temperature up to 24,000°K and with density is determined

from the data of Reference 6 and is also given in Reference 1.

APPLICATION OF THE CODE

Example Case Description

For the example case shown in Figure 5, a single vertical duct 2
meters in diameter and 200 meters long is subjected to a 1,000 psi over-
pressure generated by detonation of a l-megaton nuclear weapon (surface
burst). An ambient pressure of 14.7 psia and temperature of 59.3°F are
assumed. The locations for which the blast wave histories are desired
are designated by the symbols "G," "F," and "3." Their distances from

the duct inlet are 0.95, 181, and 195 meters, respectively.

Input Data

,

Input data required for the example case was obtained from Reference
4 and the curves of Figures 2, 3, and 4 of the text. The data are pre-
sented in Table 1 with their code symbols, values, references, and
remarks on methods of estimating the values, as necessary. A data card
listing (Table 3 in the Appendix) is presented for the example case.
Dimensions for the input data are in the cgs (centimeter-gram-second)

system. Temperatures are in degrees Kelvin, and code inputs for the

11




surface temperature time history are obtained as indicated in Figure 6.
This time history is approximated by the two linear curves I and II as
shown in the figure. The axis intercepts and slopes required for the
linear equations are as shown.

Selection of station locations where the distance from inlet to

station is less than five zone lengths will produce inaccurate results.
‘ Location of stations at distances greater than five zone lengths is

recommended. If a station location nearer than five zone lengths is
necessary, then it is recommended that the number of zones be increased.
The greater number of zones will increase the computer running time
somewhat, but the results obtained will not be subject to the errors
found otherwise. Location of the stations should be such that they will
fall at the center of the length of the original zone nearest to the
point of inter~:t in the duct.

In use of the data of Table 1, the values selected for the friction
factor (FRICT) were used in sequence to compute the time histories of
pressure, temperature, dynamic pressure, density, and flow velocity at
three stations identified as G, F, and 3 in Figure 6. The assigned
friction factors were 0.016, for smooth-walled ducts, and 0.030, for
somewhat rough-walled ducts. Although selection of these friction
factors was not the subject of study, it has previously been shown that

the 0.016 value used matched shown tube experimental data very closely.

Numerical and Graphical Results

Computer numerical results are presented in Table 5 (see the Appen-
dix). Predicted blast wave parameiers were printed every 100 cycles by
setting NPR equal to 100. At each NPR cycle, the time of the numbered

cycle and the length of the next timestep were printed.

Next, a single line of eight columns was printed giving in cgs
dimensions, the values of the overpressure (PS), the dynamic pressure
(QS), the temperature (TEMPS), the compressibility (ZS), the ratio of

12
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specific heats (GAMMAS), the total enthalpy (HTS), the density (DS), and
the internal energy (ES) of the gas at the duct side-on entrance inlet
at the beginning of the cycle.

The tabulation of each zone center location and the state parameters
of the gas in the zone is next presented in a 15-column format. For
each zone, one line is given. In the sample shown in Table 5 - for the
500th cycle - of the 113 used only 68 zones are listed. An original
assignment of 100 zones was made; therefore, an additional 13 zones had
been created by the code to accommodate the inflow of gas from the blast
wave into the duct. The change in gas state parameters in the zones
further from the inlet than the 68th had not yet been affected by the
shock wave and were the same as originally specified; therefore, printout
was suppressed automatically. In succeeding cycles the blast wave
progressed farther into the duct, and all the zones were found to have
state parameters significantly different from those originally assigned.

At the end of each tabulation the number of zones existing is given
and the locations of the maximum pseudo-viscosity (PQ) and the maximum
overpressure (PSI) are given. The point of maximum pseudo-viscosity is
the shock wave location. The time histories of pressure, dynamic pres-
sure, and temperature for the three duct locations G, F, and 3 (Figure 5)
are presented graphically in Figures 7 through 9. Comparison of Figures
7a and 7b shows the attenuation of the primary wave front and magnitude
of the wave reflected from the end of the duct. The effect of the
increase in the friction factor from 0.016 to 0.030 is readily seen.

The dynamic pressure curves in Figure 8 show how rapidly the dynamic
pressure decays for the primary wave. These curves do not reveal much
in the way of insight of the problem but are necessary when specifying
the inlet flow state to a branch duct. The temperature history of
Figure 9a shows the temperature rise due to the shock front followed by
a slower rise due to the nuclear radiation effects. Figure 9b indicates
that the interface of hot gas entering the duct did not reach station F.
In fact, as Figure 10 shows, the maximum penetration into the duct of

the hot gases was 167.5 meters. The primary wave had reflected from the

13




duct end and reached the hot gas interface, reversing its direction of
flow before the interface reached station F. Also in Figure 10 is shown
the gas temperature upstream of the hot gas interface and the temperature

rise across the interface.

Code Utilization for Systems With Branch Ducts

Branch ducts are those ducts which intersect the main duct and may
be described as forming one element of a T- or Y-junction (Figure 1).

To analyze the blast wave propagation in branch ducts requires a differ-
ent set of code inputs than that required for the nuclear blast incident
on the main duct shown in the example case (Figure 5). For example, at
the entrance to the horizontal duct of Figure 1, the pressure waveform
will show two shock fronts - the initial shock front followed by a
reflected shock front, as shown in Figure 7b. The temperature and
dynamic pressure (or velocity) waveforms, which are required in addition
to the pressure to specify the flow state, will also be complex because
of the two shock fronts, as shown in Figures 8b and 9b. The OUT3 subrou-
tine of the CEL computer code provides these waveforms from which analy-
tical expressions can be derived for the pressure, temperature, and
dynamic pressure which serve as the input data for the horizontal duct
solution.

The inputs to the horizontal duct are calculated with the vertical
duct only and, thus, without the T-junction. Therefore, the input
waveforms for the horizontal duct are approximations. The initial shock
front, however, is exactly the same as it would be if the T-junction
were in the system since the shock speed is supersonic and, therefore,
not affected by the downstream configuration. The second shock front of
the horizontal duct input is due to the initial shock passing the
T-junction, reflecting from the end of the vertical duct and returning
to the T-junction. This shock front will be stronger in the analysis

; than in the actual case since an approximate 10% transmission loss

14
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through the T-junction is neglected. The result is, therefore, a con-
servative input to the horizontal duct with the primary shock accurate
and the secondary or reflected shock higher than actual.

An analysis of the horizontal duct, analyzed as a single duct
without the Y-junction (Figure 1), provides the input waveforms for the
branch duct. Since the Y-junction is omitted in this calculation the
initial shock at this junction will be accurate but the reflected shock
from the blast valve will be higher than actual by approximately 10%.

In summarizing this procedure it is seen that, using Figure 1 as an
example, successive use of the code to analyze each of the ducts results
in the initial shock accurate to the T-junction of the vertical duct,
accurate to the Y-junction in the horizontal duct, and accurate throughout
the branch duct from the Y-junction. The reflected shock from the
debris pit and from the blast valve will be approximately 10% higher
than actual.

The input waveforms for the branch duct are provided by 7th-order
polynomials, which are determined by standard curve-fitting techniques.
In the code a zero value for TMPS2 calls the option for these polynomial
waveforms in place of the nuclear surface wave inputs. The input con-

stants for these polynomials are explained in Table 2 (see the Appendix).

Scaling of Nuclear Burst Input Parameters

Methods for scaling of nuclear blast parameters for weapon yields
other than 1 megaton and 1,500 feet are given in References 4 and 7.
The following scaling relationships are given for the convenience of the
reader.

Code input parameters may be estimated according to scaling laws

for nuclear blast parameters, as in the following:

1/2
p. = 3000 % + 192(% (18)
so R3 R3

15

Sihocamrics v

e




where Ris

SO

A
here Qso

t =
S

where t
s

S1

= overpressure in ksi
= weapon yield in kilotons
= range from a surface burst ground zero in kilofeet
2
S P
2 <7 Ve * p> e
o
= dynamic pressure in psi
= overpressure in psi
= ambient pressure in psia
e
€ <W—> (20)
1
= shock arrival time in seconds at range R
= shock arrival time at range R for a 1 megaton yield
= weapon yield

The positive phase durations D; and Dﬁ also scale according to the cube

root of the weapon yield as in Equation 20 for ts-

The constants and exponents that determine the analytic forms for

overpressure and dynamic pressure for the nuclear wave depend on the

value of overpressure only and can be obtained from Reference 4 for any

weapon yield.
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The analytic form for the temperature-time history was given pre-
viously (Equation 6). The constants Tso and b6 depend upon weapon yield
for a given range, and it is necessary to know the temperature-time
history for the desired yield. Temperature estimation for yields other
than 1 megaton is limited. However, the temperature history for a
desired weapon yield can be estimated, using the l-megaton curves of
temperatures versus range given in Figures 2 and 5 of Reference 4, and
scaling the shock arrival times according to Equation 20. A curve such
as that given in Figure 6 of this report can then be constructed for a
desired range by cross-plotting of the scaled curves. The temperature
rise at the shock front is known for a given overpressure, and the esti-
mated temperature after the shock front affects only the temperature
rise across the contact surface or hot gas-cold gas interface. The

strength of the shock wave in the duct is not affected by this estimation.

CONCLUSIONS

The CEL computer code can be used to calculate the propagation of
blast waves in air ducts of constant or variable cross section. Branched
ducts may be analyzed by sequential application to each branch. Peak
overpressures of reflected waves which follow the primary wave in a
branch are somewhat higher than the real case because some energy losses
of the reflected wave at the branch inlet junction are neglected.
However, all losses in the primary wave are included at a branch inlet.
Blast wave attenuation due to friction is slightly lower than the experi-
mental data, but selection of a more appropriate variable friction
factor will improve the prediction as additional shock attenuation
experimental data become available. For example, the predicted overpres-
sure is approximately 20% lower than the measured value at a distance
down a shock tube where the length-to-diameter ratio is 300 and the
shock overpressure at the inlet to the shock tube is 400 psi (for a
friction factor value of 0.016). The CEL computer code is efficient;

therefore, blast wave propagation in a long duct can be predicted with
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moderate computer running time. For example, for a 6-ft-diam duct 2,500
feet long and an inlet overpressure of 250 psia, the computer running time
is about 40 seconds using a CDC6600 computer.

The CEL computer code gives the air entrainment system designer a
means for estimating blast wave propagation in any duct system for blast
waves generated either by nuclear or high explosive weapons or by explo-

sion-driven blast waves from any cause where the incident waveforms can

be described by up to three 7th-order polynomial equations for the

pressure, the dynamic pressure, and the temperature.
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pso = 1,000 psi

W = 1 megaton
1,500 feet

Dp
e
= _9-9.5"‘_L -0G
Incident Blast Wave Parameters
vertical duct (from Reference 4)

Pso  Peak overpressure 1,000 psi
Q, peak dynamic pressure 2,900 psi
(15 shock arrival time 0.08 sec
Df) positive phase duration P 1.2 sec
D positive phase duration Q 2.5 sec
Ty shock front temperature  2800°K
Tpk peak shock temperature  30,000°K

ERPY .. -OF | centerline of branch duct

—— . 195m | -@ 3 | debris pit
200m

Figure 5. Example case of geometry and blast wave characteristics.

27




il log T,y - log T
TMPS?2 = 63,600°K BE . R O TR
\n log ok ~ log t¢
* ~ Line |
SN / slope = 1.99 g log Ty - log (TMPS2)
\ : > log tp) - log tg
30,000 . “~ T k= 30,000 .K
‘Pk =0.263 sec
N Line 11
slope = ~0.6314
'
10,000
| ]
? <
| 2.
!' 8
I 2
S
é. 3,000~ T, = 2800°K (TMPS1)
; A tg = 0.08 sec
1,000
TB = 0.183 sec
300
100 1 | | ] |
0.03 0.10 0.30 1.0 3.0 10.0
Time After Detonation (sec)
Figure 6. Estimation of temperature coefficients for input data of

example case.
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Appendix

LAGRANGE COMPUTER CODE DESCRIPTION

INTRODUCTION

The basic structure of the Lagrange computer code and the input and
output formats are described below. The computer code listing and card
deck can be obtained by requesting a program tape from the Computer
Center, Code L06, CEL. All quantities in the code are given in cgs

units except for printout of pressure which is given in psia.

CODE BASIC STRUCTURE

The computer code consists of a main control subroutine with several
auxiliary subroutines. A list of these subroutines with a description

of each function follows.

Subroutine Function

MAIN Controls main logical flow and reads input data.

BDY 1 Dummy subroutine, no longer used.

BDY123 Dummy subroutine, no longer used.

BDY 2 Specifies motion of interface at a duct exit
(non-nuclear cases).

DATEXP §p:ci£ies duct inlet losses using experimental
ata.
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Subroutine Function
EQST Controls equation of state subroutine acquisi-
tion.
EQS1 Dummy subroutine, no longer used.
EQS3 Equation of state for real air, T < 24,000°K.
' GENR Initializes problem.
GEOM Calculates cross-sectional area and zone volume.
HTEMP Calculates Z for EQS3.
HYDR Computes hydrodynamic motions
NUBDY Specifies motion of interface at duct inlet for

l-megaton nuclear wave case.

OUT1 Prints normal output; pressure, etc., in each
zone at fixed times

OUT2 Accumulates data on main shock front.

OUT3 Accumulates pressure, etc., versus time at
fixed positions.

OUT4 Punches cards from which problem can be
continued.

REZ1 Dummy subroutine, no longer used.

REZEN1 Adds a zone at duct entrance for mass inflow.

REZENI Dummy subroutine, no longer used.

REZEX1 Dummy subroutine, no longer used.

TIMEST Calculates time step.

CODE INPUT QUANTITIES AND FORMATS

The input data symbols, including the data card number on which
they appear, and the data format are given in Table 2. The data appears

on a particular card in the order in which it is given. A sample data
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card listing is given in Table 3 for a 457-meter (1,500-foot) radius
location from a l-megaton nuclear surface burst with a duct system

geometry as shown in Figure 6.

CODE OUTPUT VARIABLES AND FORMATS

The output of this computer code consists of printout of the input
data, OUT1 subroutine, OUT2 subroutine printout, and OUT3 subroutine
printout. The OUT4 subroutine punches cards. To give a full output
would be too lengthy; therefore, only a sample output from printout of
the input data and OUT1 at cycle 500 are given in Tables 4 and 5, respec-
tively. The data in Tables 3 through 5 are for the example case of
Figure 6 in the main body of the report. The program was run on a
CDC6600 computer and required a core storage of 130,000. The normal
output is provided by the OUT1 subroutin;: which prints out the velocity,
displacement, and several state variables for each zone at desired
times. The printout is controlled by the quantity NPR.

An auxiliary output is provided by the OUT3 subroutine, which
prints out variables at the desired locations in the duct versus time.
The control variable S(I,J) specifies the location at which the variables

are printed out.
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Table 2.

Input Quantities

Nﬁ;;gr Format Symbol Definition
1 7A10 ALIST(I) Problem definition.
2 7A10 ALIST(I) Problem definition continued.
3 1215 NPROB Problem number.
IMAXL =1
INTAPE =0, no data input from tape 18.
INCODS =0, no extra input from cards.
NQUIT Total number of cycles to run.
NPR Print after every NPR cycle(s).
NTAPE =0, do not write on tape 18.
KOPT =1, side-on entrance (nuclear case)
=0, wave originates at entrance
4 1215 KOUT2 =0, do not call OUT2 (usually 4
when OUT2 used)
KOUT2A Store data every KOUT2 cycles
KOUT2B Controls coupling between OUT2 and
OUT3; usually zero
KOUT3A Store P-T data every KOUT3 cycles
KOUT4 Punch continuation cards at KOUT4
cycles
KREZ1 =0, REZ1 not used
5 1215 NC(1) Control variables, all zero except
through NC(4), NC(5), NC(6) and NC(7)
NC(12)
NC(4), NC(5) =1, always
NC(6) =1, print NC(6) times per decade
in time
NC(7) =1, use special pseudo-viscosity

(continued)
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Table 2. Continued
NE;;Sr Format Symbol Definition
6 1215 NC(13) Control variables, all zero except
through NC(16) and NC(17), always 1
NC(24)
NC(16), NC(17) | =1, always
i 7E10.4 | EBI =0, not used
T =0, start with time zero
DTMIN(2) =0, use built-in time step
DTRATE =0, use built-in time step change
rate of 1.4
STABIL =0, use built-in stability constant
of 0.81
UCUT =0, usg built-in velocity cut-off
of 10 © cm/sec
8 7E10.4 | A-1 Surface wave constants (nuclear
through case)
A-5
9 7E10.4 | B-1 Surface wave exponents (nuclear
through case)
B-7
10 7E10.4 | DP Positive phase duration of over-
pressure, surface wave
DU Positive phase duration of velocity
of surface wave
TS Shock arrival time of surface wave
TB Time of maximum temperature after
shock arrival
PSO Initial value of pressure wave
Qso Initial value of dynamic pressure

(continued)
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Table 2. Continued
NS;;:r Format Symbol Definition
11 7E10.4 | TMPS1 Surface temperature constant
TMPS2 Surface temperature constant. IF
zero, use wave input in polynomial
form.
FLAG =1, use NUBDY subroutine
12 7E10.4 | TLIST(1) All zero, printing controlled by
through NPR
TLIST (6)
13 7E11.4 | A(1) Experimental data exponent for duct
inlet loss
14 8F10.0 T1 Specifies times for segmenting time
T2 waveforms. Used when inputting
T3 wave in form of polynomial for
branch duct input.
15-23 | 7E11.4/ | COEFF Constants of 7th degree polynomials
Ell.4 that define PS, TEMPS, and QS.
Waveform for each variable speci-
fied by three polynomials in accord
with times Tl’ T2, and T3.
24 5I5 I =1 Duct identification
NEQST(1) Number of equation of state in duct
JCALC(1) Number of last interface currently
being calculated in duct
NZONES(1) Total number of zones in duct
KOUT3(1) Store P-~T data at KOUT3 locations
in duct
25 8E10.0 | GAMMAL(1) Gamma used in duct
OUTBDY (1) Length of duct
EINIT(1) Initial internal energy in duct
UINIT(1) Initial velocity in duct
DINIT(1) Initial density in duct

B AR i

R ———

(continued)

44

. e A




PP

———

Table 2. Continued

Card AT
Bk~ Format Symbol Definition
FRICT(1) Friction factor
CINQ(1) 2.0, pseudo-viscosity constant
AINQ(1) 0.2, pseudo-viscosity constant
26 6E10.0 | DO(1) Diameter for X(I,J) F X1(1)
D1(1) Linear rate of change of diameter
D2(1) =0, not used
D3(1) =0, not used
X1(1) Begin linear diameter change at
X1(1)
X2(1) End linear diameter change at X2(1)
27 6E10.0 | S(1,1) Positions in duct to collect P-T
through data by OUT3; zero not used
S(1,6)
Last Card I5 NEXT =1, read new set of data

#1, stop; end of computation
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=0,
.0.

.0.

NC(11) nC(12)
0 0
NC(23) n~C(24)
0 0
uCut
0.
B6

1e9900006¢00

WS
2.,000000E+08

o0,

o,
o0,
oy,
o0,
e(,
(),
(),
0,

e,

“YRIS PAGE I
FROM 00PY FURNISHED TODDC -

87
*5,314000k=01

§ BEST QUALITY PRACTIC




174 ¢ w THIS PAGE I8 BEST QUALITY PRACTICABLE

" A «TROM OOPY FURNISHED T0DDQ

NEWS T JCALC NZUONES KUUT3

3 S 100 3
GAMMA ] QUIEDY EINTY
1.40000E400 2,00000k¢04 2.060800E+09
0v 01 D2
2.00000E+02 =o, =0,

S

9.50000E+02 1.,81000E+006 1,97000E¢04

Table 4. Continued

DINIT

1,22560E=03

UINIT

0,

s X1
o, '00
., =0,

xo

P T——
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Continued :
i FROM COEY, FURALSHED 70 D00 o
UINTT DINIT FRICT CiNu AING
0. 1,22560Ek=01} 3,00000Em02 €.N0C00E+00 2.00000k=ul
L3 X1 Xe
.0. .o. -0.
., o0, ®0,




PRUBLEM wUCT

CyCiLe
S00

11978154407

-

Gt Gt s et Pt Pub Gut Gt Bt Gt Gt Pt G Gt B b Pt Pt Gue Gud P Gt Gt Pt b Put b P Pud B bt St P it e O

PS

o

LENCTWVEWN~—~CO

e
TIME(SEC)
9,74161E=02

xX(lyJdel)
CM
95.1397SE+02
1.27019E+03
2.02882€+03
2e76US2E+C3
§.41528E+03
d4,00940E+03
4,49262E+03
4,9v250L+03
9¢250383E+03
Se9T7924E+03
S.89850k+03
6.,20322E+03
0.49472E+03
6,78508E+0 %
60.,84981E+03
©.90697E+03
6.90111E+03
TeU157SE+03
7T.06585E+03%
T.11801E+03
Tel7095E¢+03%
7T.22368E¢+03
T,27748E+03
Ted5190E+03
7.56’095*03
TeUU2T8E*0 S
T.49892E+03
7.55537E+03
Te01199E+03
T.66860E+0V3
Te72511E%03
7.78150€E+03
T7.83783E+03
T.89416E+03
T1e9S0S1E%03Y
B8,00094E+03

TYRIS PAGE IS BEST QUALITY PRACTICABLN

FROM OOPY FURNISHED TO DDC

LEL

ve/susS/78
NEXT TIMESTEP

2.9854UE=0U

Us

1,7123796E¢05

U(IoJ’l)
CM/SEC

TeMPS

1.,3661717E+04

X CenTer
(o

Sel173b404=0,

9S.983Lk +04
S.04d6E+04
b,2UUE+0U
6,207E+404
6,195k 404
6,321E¢04
0.364F +04
6.3728 %04
6,386E+04
6,368L+04
0es320E404
6.276E+0U
6343k 404
0.350E+04
be.300E+VY
6.378k+Qu
6e385E+04
0.,3876404
6,384t 40U
6.376E+04
5:363€E¢04
6,34St+04d
6,324k ¢+04
6.302E¢04
6.2828¢04
0,267E+0U
b.25BE¢UU
6.,260E¢04
0.271L+04U
6.284E¢*04
6,291k +04
6.292E¢04
6.290L*0u4
6,284E¢+04
6,276t+04

8.,921E+02
1.690£¢03
2.397L¢03
$,090E+03
3.712E+03
4,251E+03
U, 698E+03
S.,076E+03
S,415e+03
S.739+0)
b.USlEfUS
6 549E¢03
N b40E*LY
6.,8176+03
©6.,878E+03
D934+ 03
6,98TE+03)
7T.040E403
7.092E¢03
Teludbeu}
T197€+03
7.251€£+03
T.305E¢03
Te300E+YY
7.419t+03
Ted71kt03
T«527E¢+03
T.584E+03
7T.000E%0UY
16976403
7,793E+03
Te810E¢03
T.806E+03
7.922L+03

1071

1

—

Jul
1)

DENSITY
eM/CC

oy,

1,4y9t=04¢
le762E~04
2.2T74E=04d
2.953t=04
4,159t=04
S5.077E=04
6,11SE=04
TedlvE=04
T,702e"04
8,046L"04
8,438k=04
8.575k=04
8.,087E=04
3.787t=¢3
4,288L=03
4,528E-03
4,656k=03
4,T04E=03
d4.,700E=03
d,66SE=VY
4.614E=03
4,556k=0)
4,499E=03
doldyst=03
4od402E=03
4,3676°03
deSulk=03
4,329E=03
4.330L=03
4,338E=03
4,347k=03
4o351E=03
4o352E=03
Ue349k=03

7,9796¢03 4, 344E=03

rA)

2.20066B6E+(0

ENERGY

ERG/GM

95.508k+11
d4,562t+11
J.7T89E+11
€e.950L+11
20|a°t011
1.280E+11
9.593E+10
Te921LEe10
6,580E+10
S.858c¢10
Sedb2E+10
$.038E4+10
d,8d1E+1V
4,671k+10
T.00UE¢09
o.!ObEOuQ
S.74BE+U9
SeS02E+09
9,477t 409
S,4S1E+09
SedSTL 409
S.477€+49
9,498 ¢+09
S.512L+09
9519k +09
S.510E+09
9,906E+09
9,490t +09
Se470E+09
S.dUBE+V9
5,425t +09
S.399E+09
Se309E+09
Se337E¢09
S.305E+09
S.272E¢09

GAMMAS

1.,159748

PA(I,J)
DYNE/SQCM
1.011E¢07=
1.019E¢07
leUJ2E+07
1.022E407
1,039E+07
1.030E407
1.034E¢07
1.036E+07
1,029E+07
1.027€407
1,0296407
1,027 ¢07
1.018E+07
1,007E+07
1.00S5E¢07
1.004E407
1.0026¢07
9,999+ 06
9,959¢e+06
9,908E¢+06
9., 8d47E+080
Q,774E+06
9,688E¢+086
9,593E+406
9.,U91E+0L0
9.390E+06
9,298E¢+006
9,218E+06
9,153E+00
9.121E¢006
9,103E+06
9.081E+06
9.,04dk¢06
8,990t ¢06
8,941E+06
8,879¢L+006

i
s

/

Table 5. OUT1 Subroutine Output Listing (Problei

3E+00

Wil,Jd)
DYNE/SUC
0 ° 1
Oe i
3.88E¢04
Oe
Oe
l.bbtoOl
Oe
Oe
0.

0,

3.73E+03
1.VU9E+04
9,96E+03 |
0,
0.
Qe
(VIS 3
Ve ]
Q.
1.47E403
4 .006E+0S
6.,91E+08
9.51E+03
1.13E¢+04
1.16E¢04
1.03E¢04
7.62E+03
4,57E+03
0e

Ve

Qe

0.

Ve

9.71k+02
2.TUE+0O]
4.,22k+03




s

i

ENERGY

ERG/GM

ES.SUSUH
d,562L+1]
3. 789E+1]
ia.OSbtoll
€.186k4+11
1.280E+1)
9.593E+10
7.92’L910
©,580E+10
S.8388c+10
P T{ X3
| «038k+10
d,841E+10
4,671k¢10
1 7.004b¢09
Do lUBE+ULY
1.708t009
5.502E+09
U477k 409
o451+ 09
S.dsTe 409
«d47TE+09
9,498 ¢09
$5.512E+y9
¢ 919t ¢ 09
'QSIQEQUQ
«SVEEVY
490tk +0L9
e 470L+09
cdUBE®Y9
Do 425k ¢ 09
« 399k +09
e S09E+ 19
Do 337E409
¢ JUSE+09
b.272E409

G066BHE+(OY

GAMMAS

1.1597483E+00

Pa(l,J)

DYNE/SUCM DYNE/SWCM

HTS

6.39163V8E+11

W(lseJ) PRESSUKE

1.011E¢07=0,

1.019€E+07
1.012E¢07
1.022E407
1.039E407
1.030E¢07
1.034E+07
1.036E+07
1.029407
1.027€+407
1,029t 407
1.027E¢07
1.018E+07
1.007E¢07
1.00S5E+07
1,004E407
1.,0026¢07
9,999k + 006
9,999€+06
9,908E+06
9.,8d7E+ 06
9,774e406
9,688E¢+006
9,593E+406
9,U91E+v0
9.390E+06
9,298E¢+006
9,218E+08
9,153E+00
9,121E+¢06
9.,1036¢06
9.081t+008
9.,04dk¢ 06
8.990&*06
B8,941E¢06
8,879k+06

Ue
3.88E¢04
Oe
0.
1.66E403
Oe
O
Q.
0.
3.73E+03
1.VU9E+04
9,96E+03
0,
0.
Oe
Oe
Ve
0.
1.47E¢03
d.06E¢0S$
6.,91E+08
9.51E+08
1.13E¢+04
1.16E¢04
1.03E¢04
71.62€E+03
4,57E+03
O
Ve
O
0.
Ve
9071&002
2.TUE+03
4,22E+03

PSIA
1.460k+02
1.478k¢02
1.462E¢02
1,482€+02
1.506E¢02
1,494k ¢02
1.500E+02
1.502E¢02
1.493E+02
1.490E+02
1.,492E¢02
1,488E+02
1.475k¢02
1.4618¢02
1.,458E+02
1,450k ¢02
1.494E+02
1.,4508¢02
1.44d5k+02
1.487E¢02
1.428E¢02
1.417E¢02
1,404E¢02
1.390€+02
1.875k+02
1.360E¢02
1.347E¢02
1.350E¢0¢2
i.328E¢02
1.323E+02
1.520k¢02
1.317E%02
1.512E¢02
1.305E+02
1.296E¢+02
1.287 Ue

Subroutine Output Listing (Problem of Figure 6)

DS

JUNE ™MASS
LRAMS

3.,340E+03
U,198E+03
S.256E+03
0., VI8E+VL S
T.762E+03
T.JOBE+0S
T.875E+03
T.768BE+0U3
7959t +038
8,07T0E+03
8,078E+¢03
7.853E+03
7.9?“E+05
T.701E4038
T.7U1E¢0L3
7.701E+403
T7.701E403
T.701E403
7.701&003
T.7018403
T.701E+03
T«TU1E«03
7.701E403
7.701E403
Te701E403
T,701E¢08
7.’01Ef°$
7.701&’03
7T.701E403
77018403
7.701E+03
T.701E+03
T.701E403
TeTULE+VS
70701;'“3

1,3632133E=04

THIS Pagr 15 5

EST QUALITY ppy.

‘HHIQNW'UNumupronm;ﬂunlcuua
(3]

TEMP
KELVIN

1.,2156+04
1.052k+04
9.067&003
7.870E+03
6,686E+03
4,564E+03
U4 339E+0S
U,169E+03
4,084k+03
4,036E+03
5.,960E+03
3.901E+03
3.BU9E+0S
9,246E+02
8,155k+02
T.712E+02
T.481E+02
7.375k+02
T.343k¢02
T.350E+02
7.37SE¢02
T.401k¢02
T.420E¢02
T.u4e7E¢02
Tol24ke0
Toulckeve
7.392E+0¢
T.360E¢02
703!9&’02
7T.311E+02
7.278E+02
Te241Ee02
7.201E¢02
70‘50&'0&
T.1158E¢02

49

orTZd
StC

1.155'03
1.47E=y3
1.45E=03
1.8“&'03
1.,96E=03
1.61E=03
1.58E=03
1,49E=03
{.,45€=03
1.,43E=03
1,36E=03
1,32E=03
{.31k=03
S.93E=04
S.57TE=04
S.4SE=04
§,UdE=04
S.49E=04
S.49t=04
S5,47E=04
S.46E=04
S.UTE=04
5,49E=04
S.94dt=04
S.63E=04
S.73t=04
S.,84E=04
S.96Ek=04
S.85E=04
S.84E=v4
9.91E=04
5,99t=04
S.,99E=0d
S.97k=0d
9.,95¢t=(4

. ——————— Y, W'II A A ———

$.5003911E+11

ok

2.V7SE+00
1.895€+400
1.,726E+00
1,557€+00
1.2905'00
105555000
1.,360E+00
1.,210E+00
1.,138E+00
1.104E+00
1.,069E+00
1.059E+00
1,050E+00
1,000E+00
1,000E+00
1.,000E+00
1,000E¢00
1,000E+00
1.,000E+00
1.,V00E«00
1,000E+00
1.,000E¢00
IQOOOEfOQ
1,000E+00
1.000E+00
1,000E+00
1,000E+00
1.000E+00
1.,000E+00
IQOOUE’OU
‘QOOUEQOO
1,000E+00
loUOOE’OQ
1.000€+00
1.000E+00




. oa18 PARE 1S BEST QUALITY PRACTICABLR
moor!nmuxsumrowc R

Table 5. Continued 3

Pt Gt Gt G ot Gt G Gt Bun B B Gt Bl oh Bt Pt ne Gut Gt Gt Sh Gt Gt Pt gt b Gt Pt Gt b Pt Gt Pub P

oucrt
1

30
37
38

dy
41
4e
43
4
4
46
47
Y]
49
S0
S1
Se
S3
5S4
55
Seo
57
S8
S9
(1Y)
B}
6
el
o4
(-3}
60
6!
68
69

8,06349k¢+y3
8.,12u17E+03}
8,17701e+03
8,23402E+¢03
8.29118R+(3
B,34A4BE+0}
8,405992¢t+03
8,40348L+3
Be5212UEtUY
8,57907E403
B8,03709E+03
8,09530e¢03
8,75377¢t+03}
B.81237E+03
B.87121E+03
Be92987c+03
8,98873¢k+03
Q.ud722E+u3
9.10997e+ud
9.16585k+03
9,221038+03)
9,27958E+03
9.33790E+03
9,40779E+03
9,50500e+03
9,05899¢e+03
9,80827c¢+¢03
1.00006E%0UY
1.02000E¢04
1,04000E¢04
1,06000E+04
1.08QVULE®Q4
1¢1000VE+Q4
112000404

NIUNES
113

MAXIMUM @ UF AREA
MAX[MUM PS| OF AKEA

0.cbdb+ud
0,251t ¢04d
6.258E¢0Ld
0,225F+04
b.212t¢04
0.,203E¢04
CYR R4S A
0,181 ¢04d
6 173+l
¢ _STE+uu
belubE+LU
0,135 ¢+ud
O.lllﬁ’”“
6.115C¢+04d
6 099+ ud
¢ ,08t¢+0d
0,1584E404
6,128E¢+04
6,175t +ud
6,181E+04
0,197E+04
6,240E+04
6039E+0LU
S.139¢+04
3.,64Ukb+04
1,983E¢04
6.026E403
T.606E+02
2el206L+01
7.157t‘01
Ve

(VNS

U.

Use

1 LS IN ZUNE

1 18 InN

H,UuSSE+DY
8,092E+03
B8,149E+038
B, 2ubL+(}
8,203E¢03
d,520E+03
B,377t+03
B,4385¢c+03
BedvoE+UY
B.5950E¢03
B.,008E%03
4.,006E¢0)
8,7é5c¢03%
B.783E403
B Bd2E+ULY
8,901E¢03
8,959 403
9,U)1BE+VS
9,076E+03
9.135E+08
9,193E+03
9.251E403
9,309E+03
9,.875£403
9,U56E¢03
9,5728+03
9,724 +03
9,904E+0}
1eUIUESVH
1.,050E+04
1.050E¢04
1.07VE+0U
1,090E¢04
lell10E®VY

JUNE

NURMAL ENUD REACHED IN MAIN w®UUTINE

T ——

S R T 1

4,335L=03
4,324t=03
4,312k=03
d,300E"us
4,289c=03
d,278E=y3
d,207k=03
4,259t=v3}
d4,247E=03
4,235=0vd
d,225t=03
4,206E=03
4e197E=C3
do188E=0 S
4o160L=03
do179k=03
d,164E=03
4,190k=(C3
4,201€E=035
4,206e=03
4,243E=03
4,230E=03
4,2038E=03
3.507k=03
2.522t°03
1,829e=03
1e448t=93
le@74E=03
1.229E=03
1,226E=03
1,226E=03
l.Zth'0$
1,226t~V
1e2206E=03

S.258E+09
S.,204E¢09
S.170t+09
9.,137e+09
Se10St+09
S.,073+09
S.Ud2E+0U9
S.012E+409
G,9R1E+09
4,951t +09
4,921E+09
4, 0R9¢ 409
d,861FE+09
“.H$?t009
“-Gulttuq
U, T84+
& a795k+09
do7u43E+09
4,724dE+09
ao’U’E’OQ
4,69k +09
“.bb@ttoQ
4d,634dE+09
4,204k +09
3,526L+09
€. 765E+09
2.28UE+(9
2.10“&’09
ee0T1E+0V9
e, 068E+09
2.068L+09
ZQUOGE’OQ
€.V68E+09
2.068E+09

60 AT X3 Q,4849E+03
4 AT x3 3,0899E+03

8,810E¢00
8,736E406
8,000E¢00
8,582E¢+06
B.510E+006
€,438t+06
8,368E¢00
R,306E¢06
&,2353E¢06
B,169t¢00
8.102E¢06
8, 014E+0b
T.962E406
7T.878L¢08
T.806E¢406
7.799E¢06
7.726k¢00
7.760E%06
T.T48E+06
T.723k¢06
7.7806406
TT13E4086
T.766E406
7.238E¢06
5.%28E¢006
4,150E+406 ¢
2.U3UEL0G
1,298L¢06 ¢
1.027€E¢06
1.014E¢06
1.014c¢06
1.014E+4006
1.,014E¢006
1.014E+06

o b SRR 555w




4

P

5.£$8h009
S.2ust+09
S.170b+09
S.137e+09
5. 1@5t’b‘9
S<073E+09
S.UU2E+09
S.012E+09
U, ,9R 1t +09
4,951c+09
4,921E+09
4,689 409
d,861E+09
dd32k+u9
“.Gult009
U,784r+09
4,755t +09
d,7u43k+09
4,72UE+09
Q,708E+09
4,696k +09
4.,668E+09
d,634dE+09
4,204k +09
J.526L+09
€.765E+409
2.28UE+(9
Cel10UE+()9
2eNTIESVS
e.00BE+09
C.,068L+09
C.V0BE+09
2.V68E+09
2.008L+(9

T orT T o T Cc oo Cc T o o T T CcoT oo oo o T T o T OO
Wl Ld e L W L W e v e W e W v W e e W W L W 0 e L W W e s e e s v

SL+03
899¢e+03

Table 5.

8,810E+06
8,736E+06
8,000E%086
8,582k+06
8.510E+Q6
2, U3BL+0b
8,368E+00
B.306E+06
&,253E+06
B,169E¢+008
8,102E+06
B,014E*06
T.962c¢06
7.878L+06
T.806E+06
Te799E+ 06
7.726k+u0
7.760E%06
T.T48E+006
T.723k¢06
7.780t+06
T713L406
T.T66E+06
7.238E¢06
5.928E¢06
4,150E+06
C.U43JUE+QE
1,298t ¢06
1.027E+08
1.014E¢06
1.014c+06
1.,014E¢06
1,014E¢006
1.014E+06

Continued

S.l2k+03
6.51E+03
0057590’
6,136+03
6,06E+03
d4dE+03
4e97E+03
S.08E¢03
$5.56E408
Te62E+03
S.12E¢03
4,98E+03
l.10E¢04
Qe

T.06E+03
Qe

(VI

2.88E+03
0.

Qe

Oe

Ue

1.52E+05
1.36E+06
2.40E+00
2.13EL+06
1.11E¢+006
2.26E+05
8,87E+03
2.2TE+02
S9TE+00
‘ole'01
0.

Qe

R

1.277k¢02
1.266&908
1.255k¢02
1.2ddE+02
1.233E002
1.223k+02
1.213E+02
1.204E¢02
1.19dk ¢y
1.184k+02
{.174E¢02
1.162&008
1.153¢6¢02
1.145E+02
1.131E¢02
1.131E¢02
1e121E¢02
1.1256¢+02
1.124&002
X.IZOEOUZ
1.128E+02
1.119E¢02
1.104E+02
8,527e+01
S.121k+01
2.935k+01
1¢919E¢01
1595E+01
1.,477E40])
1.471E+01
1.470E+01
l.“?OEQOl
1.470k¢01
1.470E+01

THIS PAGE 15 BRsq
QUALITY PRy,
FR0u 00PY Iugu 511D 10 mcm

7T.701E¢03
7o7olt’03
T.701E403
7T.701E+03
T.701E+03
7.701E+03
T.701E403
T.701E+08
T«T01E+03
T7.701k+03
le?TVUlE40 S
T.7T01F+08%
TTOLES4GS
7.701E£403
7.701k+03
TTULE+O3
7701408
7T.,701E+03
7T.701E+03
7.701E40G3
T.7U1E+08
T.7T01E+0G3
T.T01E+03
ToTUIE+V3
T«TO1E+0Y
7.701E+403
T.701E+03
T.701E+03
T7.701E+03
7.701E403
T.701E+03
T.7T01E403
To701E+03
7T.701E+03

7.07S€e+02
7.0336+02
©,991E+02
0.949E+02
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LIST OF SYMBOLS

Constants (see Ref 4)

Coefficients of seventh order polynomial for static
pressure

Coefficients of seventh order polynomial for dynamic
Constants (see Ref 4)

Coefficients of seventh order polynomial for temperature
Duct diameter

Duration of positive pressure phase

Duration of positive velocity phase

Internal energy per unit mass

Enthalpy at point e

Surface enthalpy

A wall friction coefficient

Total enthalpy at point s

Subscript for initial condition

Mach flow number at point e

Flow Mach number at point s

Pressure

Stagnation pressure at point e

Stagnation pressure at point s

Pressure

Ambient absolute pressure

Entrance pressure
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LIST OF SYMBOLS
(Continued)

Initial pressure

Surface pressure

|}
L fad

Shock peak overpressure at t
Stagnation pressure at point e
Stagnation pressure at point s
Surface dynamic pressure

Peak dynamic pressure at t = ts
Particular gas constant

Entropy at point e

Entropy at surface

Absolute temperature

Temperature (absolute) at point e
Peak shock temperature
Surface temperature

Shock temperature at t = ts
Stagnation temperature at point e

Stagnation temperature at point s

Time from weapon detonation

Time at which peak shock temperature reached
Shock arrival time after detonation

Particle velocity

Particle velocity at point e

Surface particle velocity
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LIST OF SYMBOLS
(Continued)

Volume per unit mass
Distance along duct
Compressibility factor
Surface function of temperature and density
Adiabatic exponent for a real gas
Ratio of specific heats at point e

Function of temperature and density ratio of specific
heats at the surface

Density

Surface density
+

(t - t.)/Dp

(t - ts)/Dﬁ
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