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I . 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

anal yzed 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 suitable1



for computation of time-dependent flows , includ ing 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 nuclea r 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 1-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.

Bas ic 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

au f
= -V - 

~~~u u  (1)

and the energy equation is

ae V f 2
= + ~~~u u (2)

where p = pressure

e internal energy per unit mass

2
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f = a wall friction coefficient

D = duct diameter

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

e = p V (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

defini tions 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.

Fini te Difference Equations

The fin ite difference equations used to numericall y 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
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HI
(3) A class ical nuclea r blas t 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 bla t 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:

/ - b r  - b i  -b t\
= 

~a 
+ ~~~ (~A 1 

e 1 + A
2 
e 2 

+ A
3 
e ~ ) (1 - t )  (4)

where I = (t -

t = time from weapon detonation as in Reference 4

t = shock arrival time
S

D~ = duration of positive pressure phase

= shock peak overpressure at t = t

The quantities A1, A2 , A3, b1, b2 , and b
3 
are constants for which values

are given in Reference 4 for a 1-megaton nuclear burst. In addition to

a relationship for the surface pressure (p
5

),  relationships for the

dynamic pressure (Q ), and the temperature (T), are required .

I _
4
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=
~ SO (A 4 e

~~4
W 

+ A
5 

e~~5W)(l - w)2 (5)

T = T
(*) 

(6)

where w (t - t )/D~

D~ = dura tion of posi tive veloc ity phase

= peak dynamic pressure at t t~

= shock tempera ture a t t =

The quantities A4, A5, b4 , b5, and b6 are constants for which values are
obtained from Reference 4. For defining the temperature-time history

using Equation 9, the parameters T
50 

and b6 have different values for
the time in tervals between t~ and the time when peak tempera ture 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

~~~ 
= e5 

+ -
~~~~~ + (7)

The density , p5, is computed using Equations 4 and 6, and the

equation of state,

5
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PS= 2 R T  (8)
S S

The parameter Z~ is a function of temperature and density and is deter-
mined as expl ained in the sec t ion on equa tions of sta te.

The internal energy (e5) is determined from

PSe = 
- 1) (9)

where is also a func tion of tempe rature and dens ity.
The particle velocity (us) is computed using Equation S and the

def ini tion

J 2 Q
= (10)

Simulation of a side-on type entrance , such as that shown in Fig-
ure 1, is ach ieved 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 significantl y from po int s to
point e, this entropy can be expressed in terms of state variables as

S - S
~ 

= Z R in [(T

)YhY-l 

(
~

.)J (lla)

6 
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and in terms of stagnation variables as

S - S = Z R ln 
[(~

) (~
)] (llb)

In the above equations T5 , p5, T , and are sta tic tempe ra tures and
pressures at poin ts s and e , respectively , and T

~5
, 
~ts’ 

Tte~ 
and 1

~te
are stagna tion tempera tures and pressures. Equating rela tionsh ips
(Equations h a  and llb) yield a desired relation for the duct entrance

static pressur e, 
~e’ 

in the form

= 

~~ (;•~
) [(

~~
e) 

(
~)] 

(12)

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

ra tio te~~ts~ 
can be expressed by the rela tion

Pt = exp (-2.3026 A
1
M5

) (13)
Pt5

where M5 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 
~~te’~ts~ 

and M
5 

in the

supersonic region of interest here . The ratio Tt5/T5 in relation (Equa-
tion 12) is determined directly from H5, 

which is known from the given

flow state at s. In order to determine the ratio Te/T te the flow Mach
number at point e 

~~~ 
must be determined . The value of Me 

is evaluated

~ 

~~ -~~~~~~~~~~~~~~~~~~~ . J
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as a function of N5, also from the data of Reference 5; therefore ,

Te/Tte is also determined from the known value of N5. The relationsh ip

between H
e and M5 is shown in Figure 3.

When using the computer code to predic t wave propaga tion in a
branch duct of a sys tem , such as the horizontal duct in Figure 1, the

t ime his torie s of pressure , temperature , and dynamic press u re are - 
-

required at the inlet boundary to this branch duct. These time histories

are prov ided in the code in the f orm of polynom ia ls. Specif i ca l l y ,  the
p ressure , the temperature , and the dynam ic pressu re a re in the fo rm

p a + a t + a t + + a t
s o 1 2 7

Q = b 0
F b ~~t ÷ b

2
t2 + + b

7
t7 (14)

2 7I = c + c t + c t + + c ts o 1 2 7

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 1 in Equation 13 depends upon

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

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

val ues of A 1, the transmitted shock strength calculated by the code was
obtained for four values of A

1 with an inc ident 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.

8 
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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 interna l energy

of the new zone is determined by assuming the total en thalpy a t poin ts s
and e are equal. This assumption yields

ee = -
~

—- (h~~ - + u~ ) (15)

where h
ts is the total enthalpy at point s. The equation of state has

been used in obtaining Equation 15. The value of h
t5 

is known , since
values for all shock parameters are known at point s; it is given by
Equation 7. The value of ue is , however , unknown and is approximated by
the value calculated during the previous time cycle. An iteration

techni que could be used to improve the value used for Ue S 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 
~~~ 

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 (A1
) as previously explained ,

reduces these errors and more 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

9
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temperatures up to l ,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 :

p = p R T  (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 betwe~n 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 = p Z R T  (17)

where Z is the compressibility factor , which is a function of temperature

and density and is equal to 1 for temperatures below l ,000°K and is

greater than 1 for temperatures above l,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 1-megaton nuclear weapon (surface

burst). An ambient pressure of 14.7 psia and temperature of 59.3°F are

assumed . The locations for wh!ch 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 the ir code symbols, values , ref erences , and

remarks on methods of estimating the values , as necessary . A da ta 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
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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 f ive zone lengths wil l  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

somewha t, bu t the resul ts obta ined wi l l  no t be subjec t to the errors
found otherwise. Location of the stations should be such that they will

f all at the center of the leng th of the ori ginal zone nea rest to the
poin t of in ter~’ t  in the duct.

In use of the data of Table 1 , the val ues selec ted fo r the f r i c tion
factor (FRICT) were used in sequence to compute the time histories of

press u re , temperature , dynamic pressure , dens ity, and f low veloc ity at
three stations identified as G, F, and 3 in Figure 6. The assigned

f r i c tion fac tors we re 0.016 , for smooth-walled ducts , and 0.030 , for

somewhat rough-walled ducts. Although selection of these f r ic t ion
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 parameters 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 compressibili ty (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 I

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 prima ry 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 dcross 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 wavefor m
will show two shock fronts - the initial shock front followed by a
reflec ted shock f ront, as shown in Figure 7b. The temperature and

dynamic pressure (or velocity) waveforms , which are required in addit ion

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 , tempera ture , and
dynamic pressure which serve as the input data for the horizontal duct

solution.

The inputs to the EL-orizontal duct are calculated with the vertical

duc t onl y and , thus , without the T-junction. Therefore , the inpu t
waveforms for the horizontal duct are approximations . The initial shock

fron t, however , is exactly the same as it would be if the I-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

I-junction , reflecting from the end of the vertical duct and returning

to the 1-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 1-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 anal ysis 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 highe r 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 Nuclea r Burst Input Parameters

Methods for scaling of nuclear blast parameters for weapon yields

other than 1 megaton and 1,S00 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:

w / ~l/2
p = 3000— + l92(-~—~ (18)

R3 \ R 3!
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where = overpressure in ksi

W = weapon yield in kilotons

R = range from a surface burst ground zero in kilofeet

= 
~ 

(.
~ 

2 
(19)

where = dynamic pressure in psi

p = overpressure in psi

p0 = ambient pressure in psia

w 1/3
= t~1 (.

~
-.) (20)

where t
5 = shock arriva l time in seconds at range R

t~~1 = shock arriva l time at range R for a 1 megaton yield

W = weapon yield

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

root of the weapon yield as in Equation 20 for t5.

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.

16
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The analytic form for the temperature-time history was given pre-

viously (Equation 6). The constants T
50 

and b
6 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 1-megaton curves of

temperatures versus range given in Figures 2 and 5 of Reference 4, and

scaling the shock arriva l 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 .

CONCLUS IONS

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 prima ry 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

17
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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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Figure 2. Stagnation~ pressure loss versus surface Mach number for
side—on entrance.
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I

_~~~~~ O.95 m .o~
Incident Blast Wave Parameters

vert ical duct (from Reference 4)

p~0 peak overpressure 1,000 psi
Q~~ peak dynamic pressure 2.900 psi

c shock arrival time 0.08 sec
D~ positive phase duration p 1.2 sec
D~i positive phase duration Q 2.5 sec
T’. shock front temperature 2800°K

Tpk peak shock temperature 30.000°K

— - — - — - _0l: centerline of branch duct

— - 
1
~~~!!~ —~~~~~~ 3 debris pit

200 m

Figure 5. Example case of geometry and blast wave characteristics.
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300 _ _ _ _ _
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0.03 0.10 0.30 1.0 3.0 10.0

Time After Detonation (see)

Figure 6. Estimation of temperature coefficients for input data of
example case.
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Figure 7a. Pressure—time history for duct inlet station C.
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Figure 7b. Pressure—time history for duc t station F.
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0 2.00t~-O1 4.OOE-0l 6.OOE-01

Timc (see)

Figure 7c. Pressure—time history for duct station 3.
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Figure 8a. Dynamic pressure—time history for duct inlet station G.
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Figure 8b. Dynamic pressure—time history for duct station F.
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Figure 8c. Dynamic pressure—time history for duct station 3.

I ,  34

- —. - - - - - -- — .. —— -— - - ---- =-- --~----- ,—---------- - -~~~~~~~~ ---~~~~-- ---_--- - — - --~~~~~------ ~-, -.—-- .—- - .—-.-- ---.-— .--- ----~~~~~~~~--—- - -.



-~ —~~
--

~~~~~~~ -—.-..——‘--- —-.—--——-—-— ------ .-- --—,.-.-.-.----—--- . -‘I

2.50E+04 4- -t

2.OOE+04

7/ friction factor 0.0 16

V

1.50E+04 friction factor — 0.030

1

5.
C
.4
5.
0.
EU
4-

I OOE+04

5.OOE÷03

0 -~
0 2.OOE-Ol 4.OOE-0l 6.OOE-01

Time (see)

Figure 9a. Temperature— time history for duct inlet station G.
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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 ob tained by requesting a program tape from the Computer
Center , Code L06, CEL. All quantities in the code are given in cgs

uni ts 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 Dwmny subroutine , no longer used.

BDY123 Dunmiy subroutine , no longer used .

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

DATEXP Specifies duct inlet losses using experimental
data .

39
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Subroutine Function

EQST Controls equation of state subroutine acquisi-
tion .

EQS 1 Dummy subroutine , no longer used .

EQS3 Equation of state for real air , T ( 24 ,000°K.

GENR Initializes problem .

GEOtI 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
1-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 .

REZ 1 Dummy subroutine , no longer used .

REZEN1 Adds a zone at duct entrance for mass inflow .

REZENI Duniny subroutine , no longer used .

REZEXI 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 appea r, 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 1-megaton nuclear surface burst with a duct system

geometry as shown in Figure 6.

4 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 OUT 4 subroutine punches cards. To give a full output

would be too lengthy ; therefore , only a sample output from printout of

the input data and OUTI 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 subroutine , 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 , wh ich

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

Card
Number Format Symbol Definition

7A10 ALIST(I) Problem defini tion .

2 7A1O 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).

NIAPE =0, do not write on tape 18.

KOPT l, 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; usuall y zero
KOUT3A Store P-I data every KOUT3 cycles

KOUT4 Punch continuation cards at KOUT4
cycles

KREZ 1 0, REZ 1 no t used

5 1215 NC(l) Control variables , all zero except
through NC(4), NC(5), NC(6) and NC(7)
NC( 12)
NC(4), NC(S) =1 , a lways
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

Card Forma t Symbol DefinitionNumber

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

7 7ElO.4 EBI =0, not used
1 =0, star t wi th time zero
DTMIN(2) =0, use built-in time step

DTRATE =0, use buil t-in time step change
rate of 1.4

STABIL 0, use built-in stability constant
of 0.81

UCUT 0 , us~ built-in velocity cut-offof 10 cm/sec

8 7E10.4 A-i Surface wave constants (nuclear
through case)
A-S

9 7ElO.4 B-l Surface wave exponents (nuclear
through case)
B-7

10 7ElO.4 DP Positive phase duration of over-
pressure , surface wave

DU Positive phase dura tion 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

Number Format Symbol Definition 

- 

-

11 7E10.4 TMPS1 Surface temperature constant

TMPS2 Surface temperature constant. IF
zero, use wave inpu t in polynomial -

form .
FLAG 1 , use N1JBDY subroutine

12 7E10.4 TLIST(1) All zero , printing controlled by
through NPR
lU ST (6)

13 7Ell.4 A(1) Experimental data exponent for duct
inlet loss

14 8F10.0 T
1 Specifies times for segmenting time
12 waveforms . Used when inputting
1
3 wave in form of polynomial for

branch duct input .

15-23 7Ell.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 T~ , T~ , and 13.

24 515 I = 1 Duct identification

NEQST(1) Number of equation of state in duct

JCALC(l) Number of last interface currently
being calculated in duct

NZONES(l) Total number of zones in duct

KOUT3(l) Store P-T data at KOUT3 locations
in duct

25 8ElO.0 GAMIIA1(l) Gamma used in duct

OUTBDY(1) Length of duct

EINIT(1) Initial interna l energy in duct

UINIT(l) Initial velocity in duct

DINIT(l) Initial density in duct

(continued)
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Table 2. Continued

Card .Format Symbol DefinitionNumber

FRICT(I) Friction factor

CINQ(l)  2.0, pseudo-viscosity constant
AINQ(1) 0.2, pseudo-viscosity constant

26 6ElO.0 DO(1) Diameter for X(I,J) F X l ( l )
Dl(l) Linear rate of change of diameter

D2(l) =0, not used

03(1) =0, not used

Xl(l) Begin linear diameter change at
X 1(l)

X2 (l) End linear diameter change at X2(l)

27 6E10.0 S(l ,l) Positions in duct to collect P-T
through data by OUT3; zero not used
S(l ,6)

Last Card IS NEXT =1 , read new set of data
�l , stop ; end of computation
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•tout of Initial Constants (Problem of Figure 6)
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Table 5. OUT1 Subroutine Output Listing (Proble
PRUBL. E.M OUCT 2 L~ L Ub/05/78
CYC L& T IM~ (ShC) N EX1 T I M~ S T EP 101 J UT
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1 35 8 ,o~~b9u 1.+ o 3  b ,l 7 b 1 + 0 a 4  7 .919 1+oS U ,304 1•03 5 ,2721+o~ 8,8791+06 ~.221+o3
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L Subroutine Output Listing (Problem of Figure 6)
IS BEST QUAL 

____*14 ~~~~ ~~~~~~~~~~~~~ 
IT! 

_____

lb ( J A M I I A S  P I T S  OS IS

kI06086E400 t,15974831su0 b .39163081+11 1,36321331— 04 5,50039111+11

P U ( I , J )  W (1,J) ~KESSUW1 tUNE M A S S  l I M P  DTZJ ~ A M Z
1R~~~/G$  DYNE/SQCP4 U7N1/S~ CM PSIA IIWAPIS $.1L~~~1N SIC
5.5051+11 l .0111+07 0. 1.4ba t+02
4 .5621+11 1.0191.07 U. 1.478 1+02 3 ,34b1+03 1,2151.04 1 .131—u I 1.16 2.u151+ou
3, 7891.11 1.012 1.01 3.881+04 1.4621+02 4 ,1981+03 1,0521.04 1.471—u3 1.15 1.8951+00
2.9581+11 1.0221+07 0. 1.u821+02 5.25o1+03 9 ,ub71+03 1.4 5 1—03 1,15 1,7261+00
-ê. 1801,ll 1.0391+0 1 0 .  1.50611-02 o. 0381+u3 1,8101+03 1,841.03 1.10 1.5571+00
1.280 1+ 11 1.o3oE+u ? 1,861+03 1,4941+02 7,7021+03 o.a8b1+03 1.QoI—03 1 ,19 1.2901.00
9,5931+10 1.0341+01 0. 1.5001+02 7.7081i.u .S 4.5041+03 1.oI1—oS 1 ,21 *.SSSE+ou
7, 9211i1 ( 1,0361+ul u, 1.Sv21+uI 7.8751+u3 4,3391+0 3 1 ,581—03 1 .21 1.3601+00

b ,5801+1u 1,0291,07 0. 1,4931+02 7,7681+03 ‘4.1091+03 1.a9E•03 1 ,22 1,2101+00
~,838t.1U 1.0271+07 0. 1.4901+02 1,9591+03 4 .0841+0 3 1,451.03 1,23 1.1381+00
b.4b21+lo 1.0291+07 3.131+03 1.~ 921sU2 8,0101+03 ‘4.0361+03 1.431—03 1,23 1.1041+00
3.0381.10 1.0271+01 1.091+04 1.4881+02 8. 0781 +03 3. 960 1+03 1.36 1—03 1,24 1,069 1+00
*.b4l1.Iu 1.0181+07 9.9b1s03 1.4751+02 7.8531+03 3.9011+03 1.321—03 1 .24 1.0591+00

~,671t+10 1 (0071+01 0, 1.4611.02 7,9241403 3.8U91403 1,311~ 03 1.25 1,0501+00
7.uu a~~+o9 1.0U51+07 0. 1.4581+02 7.7011+ 0 3  Q .d4bE ,02 5,931—u4 1 ,38 1. 0 0 01+ 0 0

) .1U6 1+u9 1,0041+01 0. 1.45b1+02 7,7011+u3 8.3551+02 5.57E 04 1 ,30 1,oOvE.00
3.7481+09 1.0u2I+07 0. 1.0541+02 1,7011+03 7 .7121+02 5 ,451.04 1 ,39 1.0001+00
.,5 o~~1+o9 9 .999 1.Oo o. 1,4501+02 7, 7011,03 7.4811+02 5, 1441—04 1. 39 1,000 1+00
.4771,09 9,9591,06 0. 1.4451+02 7 . 70 1 1 i 0 3  7 .3751+ 02 5.491—04 1,39 1.0001+00

.4511+09 Q.90 8 1 + u b  1.471+03 1.4 37 1+02 7.7 0 11+03 7 .34 3 1+02 5,491.04 1, 39 1.0001+00
I,4571+1J9 9,8471.00 4.001+03 1.4281+02 7,7011+u3 7,35u1.02 5,471—04 1.39 1.uOOE+00
.4711+0 9 Q .77U1,06 6.9 11+03 1. 14171+02 7. 70 11.03 7 ,375 1.02 5, 461— 04 1,39 1,000E+Ou
.4981+09 Q ,b80E +ub 9.511+03 1, 4 04 1+ 02  7.7011.03 1.4011+02 5,4 7 1—0 4 1 ,39 1.0001+01)
.5121+u9 ~.5911+06 1.131+04 1.3901+02 7 .7 0 11+03 7 .4201+02 5.491 04 1.39 1,0001+00
.5191+09 9.4911+ub 1.IbI+uU 1.3751.02 7 , 70 11+ 0 3  7.4271+02 5,54t 04 1,39 1,000L+0 u
.51bt+ ~

9 9.3901.1)0 1 .031+04 1.3601+02 7.1011+03 1,4241,02 5.b3I U4 1,39 1,000 1+0 0
•SubI +09 9,2981.116 7,b21+03 1.3411’u2 7,7011+u ,S 7,4121.02 5,731— 04 1 ,39 1.uOOE .0U
.4901+09 9 .2181+08 4.571+03 1.33*1.02 7.1011.03 7,JQ2I’02 5,841•UU 1.39 1.0001+00

.4701+09 9.1b11+Ub 0. 1.3281+02 7 .7011+03 7,38o1s02 5,9*1.04 1.39 1.0001+00

.4481+09 9.1211+06 j .  1.3131+02 1, 7011.03 7,3391+02 b,85E 04 1 ,39 1,000E+0 u
,42S1,o9 9.1031+0* 0. 1.3201+02 7.7011,03 7 ,3111+02 S.841 04 1.39 1, UOt)1+0U

,3991,u9 9.0811,00 0, 1.3171+02 7 ,7011,U3 7.2781+02 ~~.911 04 1.39 1 ,0001+00

•3o91+o9 9.0Ua1+0b 0. 1.3121+02 7.1011,o3 7,1411.02 5,991.014 $•39 1.000 1+00
.3311+09 ~.99b1+Ub 9.111,02 I.SuSE.Od 7.7u11,03 7,2011.02 S,991 u4 1,39 1,u 0U1+0U
.3051+09 8.9411,06 2,101+03 1.29*1+02 ?.7v11+u3 7.tbu1,02 5 . 971 LI 4 1.39 1.Oool~.0u
,2l21’U~ 8,8791,06 4.221+03 3.287E+02 1.701t,03 7.11~ 1+02 b,9S1~ U4 1 ,39 1.0001+00
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~~~~ ~~fl Table 5. Continued

1 3* 8,0031491+v3 o,~~04 t 4 u 4  M ,u351+0I  4.3351—03 5.2381+09 $ .8 101,oo 5.421.
1 11 8 .12u17~~+ t3 8 . 2 5 1 t +~

j ’4 $.u92t’03 ‘l .32’41 03 5 ,2o41 +09  8,7361+06 0.511,
1 38 8,177011+03 a.2381+~~

4 o .1J ~~t+u3 4.3121— 03 S.170~~+U~ 8,0001+00 6.3711
1 39 e.234’~’2E.o3 e,225~ +u~’ 8.2061+03 ~ ,3o 0t•u3 5

.1371+09 8.5821+ub 0,131,
1 t 4 L J  0.291181+(’3 b . 1 1 2t+ O 0  8,?o31+u3 4.2891 03 b,lobI.v9 8,5101+06 6.0611
1 ~4 1 8 .3 e~E 4 o 3  b ,203E+U~ 

8.5201+05 4.27~ 1 v 3  5.0731+u9 8,4381+08 4,4414
1 ‘11 8.405921+u3 o . 1 9 2 1 +V ’ 4  8,3171 +03 ~ .2* 71 V3 5 .0421 .09  8.3681+0 * ‘4 .9711
1 43 8 ,40 34 8 1+03 e .l~~t t +~~ e ,03S1• u3 4 .259 1—03 S .0121+ uQ M .30b1,00 5,081+
1 ‘“‘ .5212 01+03 0 ~ 73 t .+~ i4 N .4’~ 2 t +V 3  4 . 2 47 t 03  4 .9P 1 I , 09  ~‘ .233 1+06 3.5*11
1 ~5 8,579o714o3 4 57 1+0 44 8 ,,5 0t + 0 3  4 .2351 u3 4,9511+09 8,1891+00 7,b21.
1 ~4b  8 , *3 7 0 9 e + o 3  b . 1 ’e b € + u ~4 M .b u O l ’0 3  ~.22b1—u3 ~.9211+09 8.1021+06 5.121+
1 ~‘? 8 ,o9S3o1~~~3 o ,135t +jO 8,0081,03 ‘1 ,2081—ui ‘a ,b1. 9~~+09  M ,0141+Ob 4,981+
1 448 8, 7 5 3 7 7~~+ij 3 o.1t1 1~’~~4 8 ,725t+03 4 , 1 9 1 1 0 3  4 ,o * 1 1 + 0 9  7.9o21,u~ 1, 1*1+
1 U~ 8.8123711-03 e .1 1 5~~~+Q 4 1  8,7$51+03 ‘l ,j8$t—03 4,8311+u9 7,8781+08 0.
1 50 ~3 . d 7 1 2 1 I + 0 3  b ’r’~9I+~i4 8 .8421+03 ‘4 . l a o t — u 3  “ .8~~1t+ U9 7 .8061+ub 7,061+
1 5 1  6 .929~~ 7 t + 0 3  t. •0 S 1+ O ’ J  

8,9)11+03 14 ,1791 u 3  4.7041+09 7,7991+06 0,
3 52 8, 9 o $ 7 3 1 + 03  c . 1 3 0~~ + 0 0  6 ,9 5 0 t+ 0 I  14.1o41•03 “,7S51.u9 1,7261.00 0,
1 53 9.u’47221+uS 8,1281+04 9,u181 +u3 4,3901— 03 4,7~~3I+09 7,7601+08 2.881+
1 54 9 , lUbSVc . +u3 o .17 51+u14 9 .07 0 1+03  4 .201 1—0 3 4,7241,09 7, 7481+00 0.
1 55 9 .1o4851+03 0 ,3 8 1 1 + 0 4  9 , 1 5 5 L + u 3  ‘4 .looc. —0 3 4 .loS I+’9  7 .723 1+06 0,
I So 9 ,221o31+o3 * .1971+00 9 ,193 1+03 0 ,2431—03 ‘1,0901+09 7 .7801+06 0.
1 57 9 .279581+C3 ó. 2401 + u44  9 ,2511+03 4.230 03 M,6b 81+u9 7,7131+06 0.
1 58 9 ,33 1~~~01+03 6,0 39 1+ 1 4  9 .309 1+03 4 .20 31— 03 4 .034 1+09 1.7061+06 1.521~
~ 59 9,4u7791+03 5,I3~ I+00 

9.3731+ 03 3 . 5) 71 u3 4 . 2 øh~~ - + O Q  7.2381+06 %.36L~
1 00 9.SUSOvt+ 03 3.6401+04 9.4~ 61sO3 2.5221•03 3,5261.09 5.’281+ob 2.a01~1 01 9,o 38991+u3 1,983 1+04 Q .571t.0I 1,82 9 1—03 2, 765 1+09 4 ,1501+06 2.131~
1 02 9.808211+03 a . b E b t + 0 3  9 ,72 41 + 03  1.44481 03 2.2841+09 2.4341+0* 1.11E~1 oS 1 . 0 0 0 00 l + u ’ 4  7,6081+02 9.90141+03 1.2141•u3 2,1o41+oQ 1.2981+06 2.2bL~
1 04 1.ud000l+u4 2.7201+(J 1 1.0101+04 1.2291 03 2,0711+v9 1.0271+06 8,871
1 85 1, 0 4 0 0 01 + 0 4  7 . 1 57 1 • 0 1  1 ,( ’ S U 1+ 0 1 4  1,22a1—u3 2,0081+09 1.0141+06 2.271
1 60 1 , 0 00 00 E + & l 4 v. 1, 0 SO L + u 4  1 .2 2o 1— u 3  2,Oobt.o9 1.0 14 1 +06  5, 971
1 *7  1 .0 6 0 Q U 1 + 0 4 U.  1 . 0 1 v E + U 4  1 . 2 2 b t~~ 03 2 , 0*8 1 .0 9  1,0 14 1+ 06  1.311
1 *8 1,l000uI+0U 0, 1,0901+04 1,226t u3 2,0*81+09 1,0 14 1 +0*  0,
1 *9 1, 120 0 0 1 + 0 1 4  u. 1.1tQ1 +u4 1.22a1—o3 2.0o81+u9 1,o1411,06 0.

DUCT NZUNIS
1 113

MAX IMUM 0 tJF AkI A 1 15 IP” ZUNI 00 A T A S 9,48491+ 03
MAX IMUM PSj (J~ A MIA 3 iS ~~ ZU N I  4 AT *i 3,08991+03

N U W M A L  IN U  PIACPIID I~ 
M~~~~~4 ,~U U ! 1N 1
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Table 5. Continued a _____

3 5 .2381+09 8.8101+0* 5.421+03 1.2771+02 7.7011+03 7,0751+02 5,951—014 1,39 i .oOOl+Q0
3 b.2o41+oQ 8.73b1+~ b b.511,03 1.26*1.02 7,7011.03 1,0331+02 5.951—04 1,39 1.0001+00
3 b,l70~ +u~ 8.00011-u* b,S71+o3 1,2551+02 7,1011+03 o.9911’02 5,991.04 1,39 1.0001+00
3 5.1371+09 8.5821+ua 6.131+03 1.24141,02 7.7011.03 o.94491+02 o ,u31—o 4 1,39 1 .oOoE+oo
3 b .1051.v9 8.5101+ 06 6,081+03 1.2331+02 7.7011+03 o,9O 81+~ 2 o ,06 1—u 4 1,39 1,0001+00
3 5,0731+u9 8.4381+08 4.441+03 1.2231+02 7, 1011+05 b , 0b8 1 + 0 2  6.141—04 1 .39 1,uOol-+ 0u
j  5.o~~~l+ uc 8 ,36 $ E+oo  4.971+03 1,2131+02 7 ,70 11+03 6, 82* 1+02 6 ,101— 04 1.39 1.000 1+00
3 S,01EL+u 9 $.IObl +te b 5,081+03 1,20~4E,02 7 ,1ulE.os *,79v1~~u2 b ,18 1—u14 1 ,39 1.OQUE+00
3 14,9$1I+09 8,2331+06 5,5*1+03 j , 1 91 4 1+ u 2  7. 7011.03 6 ,7S11+~~’ 0,28 1—04 1,39 1 .uO uE+0o
3 4.~ S1t+09 8,1691+0* 7,o21.o3 1.1841+02 7,1u11.03 1,7131. 6,181—014 1 ,39 3,0001+00
3 44.9211+09 8.1021+06 5.121+03 1,17~ E +o2 F, lu tl+03  o.a7al+02 o,281.04 1 .39 1.uOoE+00

-i ‘e ,bP9(+ ij9 M ,o14~+oo 4,981+03 1.1621.02 7 ,7o1~~+ 1’S o . 0 3 ’ 4 1 +02  8 ,3 3 1— 0 4  1 ,39 1,uO uE+00
3 U,e4~~f +0 Q 1,962r+Ur, 1,101+04 1 .3531+02 1.7’1e .03 0.5991+02 b ,1d1—u~J 1,39 1.0001+01)
3 “.$iul +u9 7.8781+~ a 0. 1.14431+02 7 .1011 +03 o.5611+02 0.4491.04 1.39 1,00uE +flo

~3 
4 ,8 tj ~~~~+O Q 7 ,800 E+ub 7,0*1+03 1.1311+02 7 .7011i-u3 o.5231+~~’ 6.381.044 1 ,39 i,oOO E+Ou

~3 
4.784c+uQ 7,7991+06 0. 1.1311+02 7.7011+o3 b .5011. - 

8,511— 04 1 ,39 1.000l+oo
13 44.7S5t.u9 7,7281+ub 0, 1,1211+02 7,7031.03 o,4buE+02 a,221.014 1 ,39 t .o00E+fl~
3 4.7431+09 1.7*01+08 2.881+03 1.1251+02 7,7011 +u3 o,14491,02 b,S01.u4 1 ,39 j,0001+0u
3 4.7241su9 1,7481+u* 0. 1.1241+02 7,7011+03 0,4251.02 5,961.04 1,39 1.0001+00

13 4 ,703~~ +~~ 9 7.7231+08 0. 1 .1201+02 7 ,7011+03 0,3981+02 6,511—04 1 ,39 1.0001+00
3 ‘4 ,09 e1+uQ 7.7801+06 0, 1 ,1281+02 7,7011+03 e.3891.02 0.311.014 1.39 1,0001+00
13 ‘.l,bb€ ’1+ij9 7.7131+06 U. 1,1191+02 7.7011+u3 8,3531+ 02 0.001— 04 1 ,39 1,0001+00

3 4 .6341+09 1.7*61+06 1.521+05 1 ,1041+02 7 .1 011+ 03 o.311E .+02 ‘4 .561 04 1 .39 1.000E ,-00

3 4.2*41409 7,2381+06 %.361+oa 8.5271+01 7,701E +v3 5, 8401+02 2,041.04 1,39 1,0001+00
3 3.5261.Q9 5.9281+0* 2.401+0* 5.1211+01 7.7011,03 4.8781+02 2.591—04 1 ,40 1.0001+00
Ii 2.7651+09 4.1501+06 2 ,151+06 2.9351+01 1,7011+03 3.8551+02 3 .351—04 1.40 1 .o o o E+o o
3 2.2841+09 2.4341+06 1.111+00 1.9191+01 7 ,7011+03 3 .1831+02 5.191—04 1,40 1.0001+00
3 2 .1041+09 1,2981+06 2.261+05 1 .5551+01 7.7011+03 2.9321+02 1.091—03 1 ,40 1,0001+00

~3 ?.0711+o9 1.0271+06 8.871+03 1.4111+01 7 .7 0 11+03 2.8851+02 2,691.03 1,440 1,0001+00

13 2 ,0681+09 1,0141+06 2 ,271+02 1.4711+01 7 .7011+03 2 .8821+02 3 .331—03 1,140 1.0001+00

3 2. 0*81+09 I,0141+ 06 5.97 1+00 3 , 4701,01 7, 701 1+03 2,8821+02 3.361—03 1,40 1,000€+0o
1$ 2.0*81.09 1.0141+06 1.311—01 1.4701+01 7.7011,03 2.8821+02 3.3*1—03 1,40 1,0001+00

~3 2,0*81+09 1,0141+06 0. 1.4701+01 7,7011+ 03 2,8821+02 3,3*1.03 1,40 1.0001+ 00
3 2,0*8E+~ 9 1.0141+06 0. 1.4701+01 7,7011+03 2,8821,02 3,361—ui 1,40 1,000E+00

91+03
6991 + 03
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LIST OF SYMBOLS

A1, A2, A3 . . . Constants (see Ref 4)

a , a1, . . . a7 Coefficients of seventh order polynomial for static
pressure

b0, b1, ... b7 Coefficients of seventh order polynomial for dynamic

b1, b2, b3 
. . .  Constants (see Ref 4)

c , c1, ... c~ Coefficients of seventh order polynomial for temperature

D Duct diameter

D~ Duration of positive pressure phase

D~ Duration of positive velocity phase

e Internal energy per unit mass

e
e 

Enthalpy at point e

e Surface enthalpy

f A wall friction coefficient

h
~ 

Total enthalpy at point s

i Subscript for initial condition

Me 
Mach flow number at point e

Flow Mach number at point s

P Pressure

~
te 

Stagnation pressure at point e

S 
Stagnation pressure at point s

p Pressure

AMbient absolute pressure

Entrance pressure

51
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LIST OF SYMBOLS
(Continued)

p Initial pressure

Surface pressure

Shock peak overpressure at t = t

~te 
Stagnation pressure at point e

Stagnation pressure at point s

Surface dynamic pressure

Peak dynamic pressure at t =

R Particular gas constant

S
e 

Entropy at point e

s~ Entropy at surface

I Absolute temperature

Temperature (absolute) at point e

I Peak shock temperaturepk

T Surface temperature

T Shock temperature at t = tso S

T
~ 

Stagnation temperature at point e

Stagnation temperature at point s

t Time from weapon detonation

Time at which peak shock temperature reached 3
t Shock arriva l time after detonation
S

u Par ticle veloc ity

u Particle velocity at point e

u5 Surface par ticle veloc ity

52



LIST OF SYMBOLS
(Con tinued)

V Volume per unit mass

x Distance along duct

Z Compressibility factor

Z Surface function of temperature and density

Adiabatic exponent for a real gas

Ratio of specific heats at point e

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

p Densi ty

Surface density

t (t -

w (t -

53
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NAIl RESEARC H COUNCIL Naval Studies Hoard. Washington 1X
NAV ACT PWO. L ondon UK
NAVAEROSPREGMELX’EN SCE. Pensacola Ft
NAVCOASTSYSI. AH l ibrary Panama City. Ft.
NAVCOMMARFAMSTRSTA PWO . Norfolk VA:  PWO. Wahiassa HI: S(’E Unit I Naples Italy
NAVCOMMSTA (‘ode 401 Nea Makri. Greece: l’WO. Esmouth. Australia
NAVI-~ DrRAPROIWVCEN Tech. L.ihrar~
NAVEDUIRACEN Engr Dept (Code 42) Ness port. RI
NAVEODI AC (‘ode 605. Indian Head MD
NAVFAC PWO. Barbados
NAVFACENCJCOM (‘ode 043 Alexandria. VA:  Code 044 Alexandria. VA:  Code 045 1 Alexandria. VA:  Code 045413

Alexandria. Va: Code (14135 Alexandria. VA:  Code 1023 (1. Stevens) .‘slexandria. VA: (‘ode 104 Alexandria. VA:
(‘ode 2014 (Mr. Taam). Pearl Harbor HI: Morrison Yap. Caroline Is .

NAVFACENG(’OM - CHES DIV . (‘ode 101 Wash. IX’
NAVFACENGCOM - lA N I l)IV Fur. BR Deputy Dir. Naples Italy : RDT&EIO(Y ~P2. Norfolk VA
NAVFACENGCOM - NORTH DIV. Code 1028 . RDT&ELO . Philadelphia PA: Design Div . IR. Masino). Philadelphia

PA: ROIC(’. Contracts. Crane IN
NAVFACFNGCOM - PAC DIV . Code 4(12. Rl)T&E. Pearl Harbor HI: Commander . Pearl Harbor. HI
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NAVFA(’ENGCOM - SOUTH DIV. Code 90. Rl)T&El O, (‘harleston SC
N\VFACENG(’OM - WE Sr I)IV. Code 04B; 09P/20: RI)1&ElO Code 2(111 San Bruno. (‘A
NAVFACENGCOM CONTRACT AROI(’C. Point Mugu CA: AROIC(’. Quantico. VA: Eng Div dir. Southwest Pac.

Manila. P1: Ol(’C. Southssest Pac. Manila. P1: OICC/ROICC. Balboa Canal Zone: ROICC LANT DIV.. Norfolk
VA;  ROI(’C Off Point Mugu. (‘A: ROICC. Keflav ik. Iceland: ROI(’(’. Pacific. San Bruno (‘A

NAVMAG SUE. Guam
NAVO(’EANSYSCEN Research fib.. San ~)iego CA
NAV PE FOFF (‘ode 30. Alexandria VA
NAVPGSCOI. Code 61 V. 1 (0 . Wilson) Monterey (A
NAVPHIBASE CO. ACB 2 Norfolk , VA: Code S3T. Norfolk VA
NAV REGMEIX’I N SCE (1). Kave ):  SCE. Camp Pendleton (‘A
NAVS(’OL.CECOFF (‘35 Port Hueneme. CA
NAVSF( Code 6034(tihi:ir~ ). Washington DC
NAVSE(’GRUACT PWO. Adak AK: PWO. Torn Sta . Okinassa
S A Y  SHIPYI): (‘ode 202.4 I.ong Beach (‘A: Code 202.5 (L.ihrary) Puget Sound. Bremerton WA: Code 404 ( LTJ.

Riceio). Norfolk. Portsmouth VA: Code 410. Marc Is . Vallejo CA: Code 440 Portsmouth NH: Code 440. Puget
Sound. Bremerton WA: (‘ode 440.4. Charleston SC: L.ihrary . Portsmouth NH: Tech Library . Vallejo. CA

s-~vsr .x (‘() Naval Station. Mayport F l :  CO Roosevelt Roads P.R. Puerto Rico: Maint. Div. Dir/Code 53 1. Rodman
Canal Zone: PWD(L.IJG.P.M. Motolenich). Puerto Rico: PWO . Keflav ik Iceland: PWO. Mayport FL.: SCE.
Guam: S(’E. Suhic Bay. R.P.: Utilities Engr Off. (L 1JG A.S. Ritchie . Rota Spain

NAVSU BASE LrJG 1).W Peck. (iroton. Cl
NAV S L l’PA(i (‘0, Seattle V.- A: 1 IJG McGarrah. Nallejo (A
NAVSURFWPNCEN PV.O. White Oak. Silser Spring. MI)
NAN IE(’HTRACEN SCF. Pensacola Fl
N \VWPN (’EN Code 2636 )W Bonner), China t ake (‘A: PV. 0 (Code 26). China lake CA: ROI(’(’ (Code 7021. China

lake CA
SAVWPNSTA EARl E Maint Contr,.I Dir . Y orktoss n NA:  PW Office ((‘ode 09C1) Yorktossn. VA:  Securit~ Offr.

(‘olts Neck NJ
NAVV.  I’NSL PP(EN (‘ode 09 Crane IN
N( HL 41)5 OI(’. San 1)iego. CA
N(’BC (‘Fl AOI(’ Port Hueneme (‘A: Code 1(1 Das isvi llc, R I :  Code 155 . Port Huencrn~ (‘A: Code 156 . Port Hueneme.

(- -‘N
\MCH 133 t ENS -F V. . Nielsen): 5 . Operat ions Dept.: 74. (0 ) : Forts . (‘0: 1HREE. Operations Off
N( )RI)A (‘ode 440~~kean Rsch Off) Bay St L.ouis MS
SRI - (‘ode 84(N) tJ Walsh ). V. ashington t)C: Code $44 1 (R.A. Skop). V. tshington DC
NS(’ Code 54 . 1 IV. snne( . Norfolk VA
SSI) SCE . Suhic Bus. R P
S R (‘ommander Orlando. II -
NI SU (‘ode 131 Ncss London. CT: (‘ode E A 1 2 3 ( R S  Munn). Ness 1.ondon CT
USR ( ode 700F Arlington VA
PHIB( 13 I P(I- . (‘oronadt’. (‘A
P M I  0 Pat. (‘iiunse l. Point Nlugu (‘A
I’NN(’ (1) Norfolk. NA :  (0 ) . Great l akes I t ;  (‘0. Oakland (‘A: (‘ode l2OC (L.ibrary ) San Diego. (‘A: Code 128. Guam:

(‘ode 2(N), Oakland (- N :  (‘ode 220 Oakland. (‘A: (‘ode 220 1. Norfolk VA: Code 400. Pearl Harbor . HI: Code 6*3.
Sin l)iego ( - N . OI(’ (‘Bt -405. San l)iego CA: Utilities Officer. Guam: X() Oakland. (‘A

U S %l I-K( Il ’\Nl MARINE A(’A I)EMY Kings Point. NY (Reprint Custodian)
I S(’(. (,  I 0) 1- 411.1 r. Do~ d). Washington IX’
[5 ( 0 .  -N( \ l)l-M\ I F N. Stramandi. Ne~ l.ondon c”r

S S \  ( h Me~h, t-ngr, Dept Annapolis MD: PWD Engr. l)iv . (C. Bradford) Annapolis MD
U-N I II ORNIA SIA l  I- UNIVERSITY LONG BEACH. (‘A (CHEL.APAT I )
( ( ( K NEl l  LNIVFRS ITY Ithaca NY tSerials Dept . Engr L.ih.)
I)AMF S & M(X)RE l IBRARY l.OS ANGELES. (‘A
Fl ORII)A ATL.ANT IC UNIVERSITY Boca Raton El (Ocean I ngr I)ept,. C L.in)
II HIGH UNIVERSITY Bethlehem PA (Frit! Engr. Lab No. 13. Beedlet Bethlehem PA (E.inderman L,ih, No.30.

I-kcksteiner)
l IBRARY (IF (‘ONGRESS V. ASHINGTON. IX’ (S(’IEN(’ES & TE(’H DIV)
M1(’Hl(.A\ IR’HNOI OGICAL U NIVERSITY Houghton. Ml (Haac)
%IIr (‘ambnidge NI -N : (‘ambridge MA (Km 10-5(M) . Tech. Reports. Engr. l.ih.t Cambridge MA (Whitman)
\~ Clfl (‘ONIMUNIIY (Ol I EGE BROOKl YN. NY ( l IBRAR Y )
(S IN  501 RI- I)AMF Kutona. Notr e Dame. IN
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PL’KI)UE UNIVERSItY lafayette . IN (‘E Engr. l,ih)
SI- ATTLE 1 Prof Schssaegler Seattle WA
SOUT HWEST RSCH INST K. DeHant. San Antonio TX
SIA NIORI) UNIVERSITY Engr L.ih. Stanford (‘A
SI -NI I- UNIV . OF NEW YORK Buffalo. N Y
I t - X ’ NS A&M UNIVERSITY W. B. L,edbetter (‘ollege Stat ion. I X
(SIVERSI1 Y ((I- CAI.IFORN IA BERKEL EY. (‘A ((‘F DEPT. (iFRV. l(’K): I)AVIS. (‘A tUE DEPT. ‘FAYI OR):

I IVERMORE. (‘A (L.AWREN UE l IVERMORE l A B , ‘IOKARZ)
I. NI V F RSIIY ( )F HAV. AI I Honolulu H II l)r. Siilard )
( N IV ERS I lY  OF IL l INOIS Metz Ref Rm, Urbana II.: URBAN- N . II. ( l IBRARY ) :  URBANA. II tNEWAR KP:

Urbana II - (CE Dept . V. . Gamble)
INIV ERSI lY OF MASSA(’HI’SETTS )Heroncmus). Amherst MA (‘F l)ept

NIV I RSITY OF MICHIGAN Ann Arbor MI (Richart i
(S IN  t-RSI’I Y LW NEIIRASKA.l IN(’OLN l incoln. NE (Ross Icc Shelf Ptt~j i

SIV ERSI lY OF TEXAS lust , Marine Sci (l,ihrarv). Port Arkans as FX
I SIN I- RSIIY OF TEXAS A C AUSI IN AUSTIN. TX (THOMPSON)’. A ust in , IX ( Kneeni
I NIV IRSI 1’Y 0,: WASHING’ION l)ept of (‘ivil Engr (Or, Mattoc ki . Seattle V. A: SF I’l l F ,  W A  (MER(’IIANI(
IRS KFSEAKC H CO. l IBRARY SAN MATFO . CA
,-NRNll) (IRANT Ol YMPIA. WA
-NI I -SN I I( RI(’HFIEI,l) (‘0. l)AI IAS. IX iSMI1’H)
13I’UH I El (‘ORP, SAN FRANCISCO , (‘A (PHI IPS (
BI-I GlINI HAI-(’ON. NV .. Gent
BROV. S & (‘.-Nl l)WEI l F NI Saunders Walnut (‘ reek, U.N
( -NS-\ l ) -S Stem F nit Ncssfound land tChani). St Johns
( 1  BRAI N (‘( ) l)u Bouchct, Niurras Hill. NJ
50KV. AN I)F I NORSKF N ERI’IAS (librurS ). Oslo
l-R. -\N( ’l- Di’, I)uterlre. Boulogne
(iI Il)I)EN CO. SlR( )N(jSVll.l E. OH RS( ’H I lI3
HUGHES AIRCRAFT Cuber (‘itS (‘A ( t ec h.  Dot’. Ctr )
IlAl ‘t SI - (‘aironi. Milan
Nl( l)ONNEI, AIR(’RAF’I’ (‘0, l)ept SOl RH I- ,i~ man), St lou is 510
NI-WPOKT Ni V.5 SHEPHI1X & DRY IXX’X (‘ I) Ncss port Neas VA ( lec h. lib ,)
St )KV. -SN DFC SORSKE V E RI l .-\S I Roren ()s l. i: I. Foss . Oslo: J. (‘reed. Sk i: Norssegian Tech ( nit (Brandtlaeg).

1rondheim
PORTI.ANI)(’IMENT ASSOC. Skokie II (RsCh & I)ev L ab. l,ib,)
RAN I) (‘ORP. Santa Monica (‘A (A ,  I aupa
RAYMONI)INTERNAIIONAI IN(’ . F ColIc Soil Tech l)ept , Pennsauken. NJ
SANI)IA l ABORATORIES t.ihrary Div .. [,iv ermor e CA
S(’HUPA(’K ASS()(’ SO, NORWAl K. CI (SCHUPACK )
SHFI.L. ((IL. (‘0. HOUSTON. TX ( MARSHA IL (
SWEDEN (‘ement & (‘oncrete Research Inst.. Stockholm: (ieoTech Inst
I’RW SYST EMS REIX)NIX) BEA(’H. (‘A (DAI)
UNITED KINGIX)M Cement & Concrete Assoc Wexham Springs. Slough Bucks : (‘ement & Concrete Assoc . (Lit.

E x .  Bucks: D, lee. london: D, Ness , C.. Maunsell & Partners . L.ondon: Taylor. Woodro~ Constr (OI4P).
Southall. Middlesex

V.-ESTINGHOUSE EL.ECTRIC CORP. Annapolis MD (Oceanic Div l,ih. Bryan): Library . Pittsburgh PA
WISS. JANNEY. EI.STNER. & ASS()C Northhrook . IL .(D.W. Pleiler)
V. (X)DWARD-(’L.YDE CONSULTANTS (A. Harnigan) San Francisco
BROWN. ROBERT Unise rs its , Al.
Bt’I l,O(’K L,a Canada
F. HEU ZE BouIder (’()
CAPT MURPHY Sunnyvale. CA
R.F. BESIER Old Saybrook CT
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