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ABSTRACT 

A computer program was written to determine the time-magnitude relation­
ships of reduced pressures in the Morrow Point Dam inlet structure. The 
low pressures are formed during an emergency closure of the intake gates 
as water in the penstock drains through the turbine. The study was nec­
essary to properly size the air vent system and to investigate the effect 
of various air vent dimensions on the reduced pressure. Consideration of 
design parameters, causes for air flow, and flow conditions within the 
air vent are discussed. The one-dimensional equations of gradually vary­
ing unsteady flow are given, and a computer program for their solution is 
presented in Fortran r.v programming language. The program can be used 
for similar problems. 

DEECRIPl'ORS--/~nts/ a.'iste&1y flow/ ~fr demand/ i~stocks/ ~puter 
,programming/..V-structures/lir/~elocity/~mputation/ ound/.P'reservoirs/ 
"ttesign criteriaLlttathematical analysis/~low control/ iab~tic 
_IDENTIFI~-/vi{orrow Point Dam, Colo/~olorado River Storage Proj/ 

A_Colorado/r1ater column separation 
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A • 

C • 

-
C • a 

D • t 

2 area, ft 

NOMENCLATURE 

discharge coefficient for compressible fluids 

Q actual/Q ideal 

constant for atmospheric conditions of an isentropi 
flow process 

discharge coefficient through emergency gate 

friction loss factor 

CP • specific heat with pressure held constant 

C = specific heat with volume held constant 
7 

Cvel = velocity coefficient for compressible fluids 

• V actual/V ideal 

D • conduit diameter, ft 

H = length of water column in upper gate chamber under 
steady state conditions, ft 

J • the mechanical equivalent of heat 

• 778.16 ft lbr/Btu 

K • total energy loss factor 

L = length, ft 

M • Mach number= Vair/Vair sonic 

V V V (f'or air) - = ,,,, 
"gvkp "gkRTR 49~ 

Mi = ideal Mach number 

Q = discharge, cfs 

R - engineering gas constant 

- 53.29 ft lb /lb 0 Rankine (for air) 

V 
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TR = temperature in degrees Rankine 

• degrees Fahrenheit+ 459.6 

TW • tailrace water surface elevation 

V • velocity, ft/sec 

Vol = volume of air, ft3 

W = air mass, lbm 

WS • water surface elevation 

z 

t 

g 

-
= 

= 

= 

= 

-

reference elevation 

friction factor from a Moody diagram 

gravitational constant 

energy loss, ft 

isentropic flow constant 

• 1.4 for air 

p • pressure, lbt/in2 for air 

• pressure, lbt/ft2 for water 

r • ratio of piezometric pressure in inlet region of air 
duct and stagnation pressure of atmosphere 

s 

t 

V 

= 

-
-
= 

-

critical pressure ratio 

Entropy 

time, sec 

specific volume of air, ft3 /lbm 

v • mass flow rate of air, lbm/sec 

y • distance between free water surface for steady state 
condition and free water surface at time t, ft 

vi 
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Subscripts 

atm = atmospheric 

c = compressible 

e = location where Mach number= 1.0 for airflow 

= entrance to small gate chamber for waterflow 

g 

GO 

1 

p 

R 

1"8S 

= 

= 

.. 
-
= 

= 

= 

= 

= 

= 

emergency gate 

gate chamber 

incompressible 

penstock 

reservoir side of gate chamber 

reservoir upstream from bellmouth entrance 

turbine 

tailrace 

refer to Figure 11 for waterflow 

refer to Figure 12 for airflow 

A bar over a value refers to an average value. 

vii 
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PURPOSE 

The purpose of the study was to determine the magnitude of the reduced 
pressure in the Morrow Point Dam Powerplant intake gate structure as a 
function of time, to compute the maximum air velocities through the 
venting system, and to investigate the effect of the air vent dimen­
sions on the reduced pressure in the penstock through the use of a dig­
ital computer program. 

CONCLUSIONS 

1. An individual 2-foot 9-inch by 3-foot air vent to each chamber pre­
vents the pressure in the gate chamber and penstock from being less 
than 9.53 psia (pounds per square inch absolute) with an atmospheric 
pressure of 11.26 psi (pounds per square inch). 

2. The maximum exit air velocity in the 2-foot 9-inch by 3-foot vent 
pipe is approximately 308 fps (feet per second). 

3. The maximum inlet velocity 3 feet from the inlet to the 2-foot 
9-inch by 3-foot air vent pipe is approximately 45 fps. 

4. No water column separation occurs during the emergency closure. 

APPLICATIONS 

The analytical part of the study which is described by this report is 
complete. The computer program can be adapted for use on other geomet­
rically similar installations by substituting appropriate values in all 
statements marked with an asterisk in the main program, in the subrou­
tines, and in the function subprograms. If the other installations are 
not exactly geometrically similar, the program can still be used by re­
writing the function subprograms. As with most mathematical models, 
the validity of curves presented in this report will not be definitely 
established until field tests have been performed. A time history of 
the gate chamber pressure and the percent gate opening during prototype 
operation would be sufficient to verify the accuracy of the computa­
tions presented in this report. 

INTRODUCTION 

Morrow Point Dam is one of three dams to be built on a 40-mile section 
of the Gunnison River in Colorado (Figure 1). The complex of dams, 
known as the Curecanti Unit, is primarily intended to develop water 
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storage and hydroelectric power generation potentials on the river. 
Other purposes of the Unit are irrigation, recreation, and flood con­
trol. 

The power generation facilities at Morrow Point Dam will consist of 
two generators whose combined capacity is about 120,000 kilowatts 
(Figures 2 and 3). The hydraulic structures associated with the gen­
erators are a single intake structure, two penstocks, two underground 
hydraulic turbine units, and their draft tubes (Figures 4 through 6). 

Under normal operating conditions with flow through the turbines, the 
intake gates are fully open and water stands in the intake gate chamber 
(Figures 7A and 7B). The standard procedure for stopping the flow 
through the penstocks is to close the wicket gates at the turbine and 
then to close the intake gates. This procedure keeps the penstocks 
filled with water and eliminates difficulties which are normally expe­
rienced when the penstocks must be filled. However, during emergency 
conditions, the intake gates could close and the wicket gates at the 
turbine remain open. For this case, the water level in the gate cham­
ber would fall rapidly and eventually all of the water in the penstock 
would be discharged through the runaway turbine (Figure. 7C). This 
rapid change in the water surface decreases the air pressure in the 
gate chamber and in the penstock. The formation of excessive subatmos­
pheric pressures in these structures is prevented by admission of air 
to the system through vents located in the intake structure. 

This study was initiated to assist in the determination of the air vent 
size required at Morrow Point Dam. The pr<>cedure which is outlined can 
be applied to the solution of other similar air vent problems. 

BASIC CONSIDERATIONS 

A. Design Criteria 

In general, the following factors must be considered in the design of 
air vent systems: 

1. 'f4e limiting subatmospheric pressure-which can be tolerated in 
the structure to which the air vent is attached. 

2. The economy of constructing large air vents into a relatively 
weak connecting structure versus small air vents connected to a 
strongly reinforced structure. 

3. The maximum air velocity which can be tolerated within the air 
vent duct. 

2 
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4. The maximum air velocities at the entrance to the air vent duct. 

5. The overall effect of the quantity of air flowing through the 
vents on the flow of water through the system. 

Normally, a water conveyance structure, such as a penstock, is designed 
for the maximum positive internal pressure which might be encountered 
during the lifetime of its operation. Such a design is also safe 
against collapse up to some critical negative (below atmospheric) in­
ternal pressure. However, if the internal pressure could fall below 
this critical value, the structure must then be designed to resist both 
large positive and negative internal forces. In practice the magnitude 
of the negative internal pressures is often reduced by admitting air 
into the structure through a venting system. Thus, the requirement of 
designing the structure to resist large negative pressures can be 
avoided. However, to achieve significant reductions in the magnitude 
of the negative pressure, the vents may have to be quite large. There-
1ore, the designer must weigh the cost of a structure that can with­
stand excessive negative pressures versus the cost of providing large 
air vents into the structure. In some cases, the construction of a 
stronger structure may be more economical than providing for large air 
vents. 

Consideration of the maximum air velocity in the vent pipes is dictated 
primarily from physiological considerations. The limit on the air ve­
locities in the air vents has been established by experience at about 
300 fps and is generally considered to be that air velocity at which an 
objectionable whistling sound occurs. The intensity of the sound and 
not the mere presence of sound is the governing factor. For instance, 
if the sound has pressure levels greater than about 85 db (decibles), 
ear protection is recollllllended for exposure times greater than 8 hours.1/ 
For pressure levels greater than about 135 db, ear protection is recom:: 
mended for any exposure time. A relationship between air velocities 
and sound pressure levels in air vents cannot be given unless the air 
vent configuration is accurately known. However, various studies in­
dicate that the sound pressure levels for certain types of noise in­
crease as the 6th to 8th power of the velocity.2/ Therefore, the noise 
levels could quickly become objectionable if the 300-fps limit is ex­
ceeded. In addition to limiting the velocities within the vent, it is 
desirable to limit air velocities in the vicinity of the air intake to 
about 60 fps so that personnel and loose objects will not be swept 
through the vents. Personnel barriers, placing the intake in inacces­
sible locations, and grills or screens over the air intake are used to 
reduce this hazard • 

.!/Beranek, L. L., and Miller, L. N., The Anatomy of Noise, Machine 
Design, Vol 39, No. 21, September 1967. 
l_/Davies, H. G., and Williams, J.E.F., Aerodynamic Sound Generation in 
a Pipe, Journal of Fluid Mechanics, Vol 32, Part 4, pp 765-778, 1968. 
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The quantity-of air flowing through the vents could adversely affect 
the flow conditions in the system under certain circumstances. For 
instance, insufficient air flow into the gate chamber could result in 
the formation of a vapor pocket in the penstock with subsequent separa­
tion of the water column. The rejoining of the water column would 
create extremely high pressures and could damage the penstock and gate 
chamber. Grigg, et all/ have established that water column separation 
will not occur if the cross-sectional area of the flow passage in the 
lower part of the fully aerated gate chamber is greater than or equal to 

If this criterion is not met, computations of the type described in 
this report must be performed to determine if water column separation 
will occur. 

B. Criteria for Airflow 

The quantity of air which flows through the air vent is determined by 
both the configuration of the air vent and the flow conditions in the 
structure to which the vent is connected. Typical examples of flow 
conditions which may occur in the connecting structure are: the forma­
tion of a hydraulic jump which seals off the conduit, spray downstream 
from a gate, high-velocity flow in a partially filled conduit and a 
falling water surface. Each of these conditions is described by its 
own characteristic air-water flow relationship. Due to the variety of 
possible flow conditions, compressibility of the fluid flow through the 
air vent, and the design considerations enumerated previously, an air 
vent which satisfies the many requirements cannot be accurately de­
signed through the use of simple "rules of thumb." Instead, the de­
signer should use hydraulic model studies4/ or, in a few specialized 
instances, mathematical models. -

Of the various flow conditions which were enumerated, the only air­
water flow relationships that can be expressed mathematically are for 

3/Grigg, W. L., Johnson, R. E., and Kellerhals, R., Some Design Aspects 
of a Divided Gate Tower, ASCE Proceedings, Vol 93, PO 2, pp 1-14, 
October 1967. 
4/Sikora, A., Zavzdusnenie Sachtovych Priepadov (Air Entrainment in 
Shaft Spillways), Price a ,tJdie, 35, Vyskumny Ostav Vodohospodarsky, 
Bratislava (Czechoslovakia). A presentation of dimensionless curves 
for high""Velocity flow in a conduit flowing part full. 
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the hydraulic jump in a conduitS/ and for a falling water surface. 
Even though an explicit relationship cannot be obtained for a falling 
water surface in a complex structure, this report indicates a means by 
which the implicit relationships can be evaluated to approximate the 
true air-water flow relationship. 

C. Description of Computational Procedures 

1. Quasi-steady State Solution 

The system could be analyzed in several different manners depending 
upon the rate of change of the waterflow rate. For instance, if 
the rate of change of the discharge is small enough, the assumption 
of quasi-steady flow is valid. For this case, the flow at the end 
of each time increment would be treated as though it had reached a 
steady state condition. The solution would involve the repeated 
application of Bernoulli's equation and the continuity equation. The 
air inflow rate has an influence on the pressure terms in Bernoulli's 
equation and simultaneously the continuity equation has an influence 
on the air inflow rate. Therefore, the solution involves a trial 
and error computation to arrive at the final result for each time 
increment. 

2. Consideration of Inertial Effects 

If inertial effects are not small, the system can be analyzed as a 
surge-type problem. In this type of problem, two equations based on 
conservation of momentum are written to describe the flow in the 
penstock and in the gate chamber, respectively. The relationship 
between the two equations is established through consideration of the· 
energy equation at the point where the gate chamber flow joins the 
penstock flow. For some specialized cases, these two nonlinear sec­
ond order differential equations can be combined into one equation 
which can be solved numerically.6/ However, since a numerical 
method is generally used for solving the equation, a simpler proce­
dure is to solve the two differential equations simultaneously by 
standard Runge-Kutta numerical methods.7/8/ After the water drains 
out of the gate chamber, the flow can be described by one relatively 
simple second order differential equation. 

5/Kalinske, A. A., and Robertson, J.M., Closed Conduit Flow, ASCE 
Transa.ctions, Vol 108, pp 1435-1516, 1943. 
!/Burgreen, D., Development of Flow in Tank Draining, ASCE Proceedings, 
HY3, pp 13-28, March 1960. 
7/Scarborough, J.B., Numerical Mathematical Analysis, John Hopkins 
Press, 1966. 
!/Willers, F. A., Practical Analysis, Dover Publications, 5273, 1948. 
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This type of computation generally falls under the heading of "Rigid 
Water Column Theory" and forms the basis for the computations de­
scribed in this report. 

3. Consideration of Compressibility Effects in the Water Columns 

The previous method assumes that the water column is incompressible, 
which means pressure changes due to closure of the emergency gate 
are transmitted throughout the entire system instantaneously. 
Parmakian9/ states that this assumption is satisfactory when the 
gate clos'iire time, T, is greater than L/l,000, where L is the 
length of the water col\DJln. If T is less than L/l,000, the ef­
fects of compressibility of the water column should be included in 
the analysis. The analysis which considers compressibility effects 
is known as "Elastic Water Column Theory." The mathematics is made 
more complex than the previous methods through the introduction of 
partial differential equations. Therefore, an examination of the 
necessity for considering an elastic water column can lead to sim­
plifications in the· analysis. 

The Morrow Point Dam penstock is about 470 feet long, and the total 
gate closing time was assumed to be 60 seconds. Thus, T is about 
120 times greater than L/l,000 and the effects of compressibility in 
the water columns can be safely neglected. 

D. Deviations from the Prototype 

Various discrepancies frequently occur between a mathematical model and 
the prototype because of simplifying assumptions made in the mathemati­
cal model. If these deviations from actual conditions are minor, the 
mathematical model can still be expected to yield accurate results. 

The simplifying assumptions used in the method of analysis described by 
this report which could cause discrepancies are: 

a. Flow into the gate chamber along the upstream face of the 
partially open emerg~ncy gate is neglected. 

b. The emergency gate closing rate is constant. 

c. The loss coefficient across the turbine is constant. 

The effect of these deviations was assumed to be minor. The validity 
of this assumption should be confirmed by prototype tests. 

9/Parmakian, J., Water Hammer Analysis, Dover Publications, New York, 
1963. 
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THE COMPUTER PROGRAM 

A. General 

The computer program determines quantities which satisfy the rigid wa­
ter column flow equations. A general outline of the steps which the 
computer performs is shown in the flow chart (Figure 8). Basically, 
the program consists of two computational loops. The purpose of the 
major loop is to solve the two second-order, nonlinear differential 
equations simultaneously. Within the major loop, a secondary loop de­
termines the airflow quantities through the vents. The program begins 
at the time corresponding to the inception of the emergency gate clo­
sure, computes the flow quantities for this time, increases the time by 
a fixed time increment and then repeats the computations. This proce­
dure is continued until some preestablished time from inception of the 
gate closure has been reached. Then the program stops the computations. 
Only the major divisions of the program are discussed in the headings 
which follow, since details of the actual steps can be obtained from an 
examination of the program itself (written in FORTRAN), see Appendix. 

B. Numerical Integration 

The numerical integration is performed by the computer using the Runge­
Kutta method in combination with "smoothing" or corrector equations. 
The Runge-Kutta method is actually a family of procedures for solving 
differential equations in which each procedure has its own characteris­
tic degree of accuracy.1O/ The particular method used in this report 
consists of the following procedure (refer to Figure 9A): 

The first approximation of the differential equation is a straight 
line whose slope is determined at the starting point. 

The second approximation is a straight line passing through the 
starting point but whose slope is determined at the midpoint of the 
first approximation. 

The slope for the third approximation is determined at the midpoint 
of the second approximation. 

Finally, the slope of the fourth approximation is determined at the 
end point of the third approximation. 

These four approximations result in four values of the differential 
equation at the end of the time interval, At , where At is the time 
increment used in the integration. An average value is obtained by 
using Simpsons rule.1O/ The inherent error with this method is of the 
order At5. -

1O/Streeter, V., and W'ylie, E. B., Hydraulic Transients, McGraw-Hill 
Book Company, 1967. 
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The simultaneous solution of two differential equations, g1 and g2 , 
can be considered geometrically as the determination of a solution 
curve in three-dimensional space with coordinates x, y, and t 
(Figure 9B). The Runge-Kutta method of integration for this three­
dimensional case is similar to that for the two-dimensional case de­
scribed by one differential equation. At the end of the time interval 
6t, values of both 6x and 6.y are determined for the two differen­
tial equations. 

To insure the accuracy of the integration, short-time intervals were 
used. The values of x, y, vx and Vy computed by the Runge-Kutta 
method were checked and corrected by assuming that the second-order 
time-derivatives could be expanded with a five-term Taylor series. For 
example, in this program the basic time increment for which values were 
desired was 1.0 second. To perform the integration this interval was 
broken into five equal intervals and the integration was performed us­
ing the Runge-Kutta method for each interval giving five values of x, 
y, vx and vy. These values were then corrected using standard cor­
rector equations which are based on a five-term Taylor series.11/ A 
forward integration technique was used to extend the computations from 
the fifth value (the end of the fourth· interval) to the end of the 1.0-
second interval. This procedure resulted in water velocities which 
were cor~ect to four places. 

At the end of each time increment, the airflow rate through the vents 
is computed by solving simultaneously the compressible fluid flow 
equations for the airflow with the equation for the adiabatic expan­
sion of air in the gate chamber. Although this compu·tation changes the 
value of the pressure above the water surface in the gate chamber, the 
use of small time increments and the relatively slow rate of change of 
gate chamber pressure eliminates the need for repeating the integration. 

C. Computation of Discharge Coefficient 

The discharge coefficient for the intake gate is a function of both the 
gate opening and of the downstream conditions. If the water surface 
downstream from the gate is high enough to effect the discharge coeffi­
cient, the efflux is termed "submerged." For lesser water depths, the 
efflux is called "free." Unfortunately, the effect of submergence on 
the discharge coefficient of a slide gate located itmnediately down­
stream from the end of a bellmouth entrance is not presently available. 
Therefore, the discharge coefficients for a freely discharging slide 
gate were used in the program.12/ The discharge coefficient curve was 
approximated with a fifth degree polynomial using a least squares fit 
(Figure 10) • 

11/Levy, H., and Baggott, E. A., Numerical Solutions of Differential 
Equations, Dover Publications, Sl68, 1950. 
12/Falvey, H. T., Twin Buttes Auxiliary Regulating Gate, Report 
No. HYD-475, United States Bureau of Reclamation, Denver, Colorado. 
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The differential head across the gate was used to computed the dis­
charge for the submerged condition. Whereas, the upstream head was 
used for the free-flow condition. 

The emergency gate was assumed to have a linear rate of closure, going 
from wide open to fully closed in 1 minute. Thus, for each time inter­
val, the percent gate opening was defined. The discharge coefficient 
which corresponded to a given gate opening was obtained from the polyno­
mial expansion. 

D. Computation of the Gate Chamber Pressure 

As the water surface drops, the air in the gate chamber and penstock 
will expand adiabatically. This results in a decrease of the gate 
chamber pressure. The decreased gate chamber pressure in turn will in­
crease the airflow rates through the air vents. The increased amount 
of air in the chamber will partially relieve the low pressure. This 
portion of the program was repeated until the pressure which created a 
certain airflow rate equaled the pressure formed by the adiabatic ex­
pansion of the previous air volume and of the air volume which flowed 
through the air vent. 

E. Computation of the Mach Numbers in the Air Vent 

Part of the computation of the gate chamber pressure involved computa­
tion of the airflow rate through the vent. Because the flow in the 
air vent is compressible, the Mach number of the flow into the vent is 
less than the Mach number of the flow out of the vent. The computer 
program computed the outlet Mach number based on a given value of the 
inlet Mach number. The inlet Mach number was determined from the air­
flow rate required to satisfy the gate chamber pressure. 

F. Restrictions Imposed on the Computations 

Since the flow equations were solved through successive approximations, 
maximum allowable error limits were imposed on the required accuracy of 
specific computations. These limits were as follows: 

1. The pressure of the air in the gate chamber or penstock must be 
correct to with 0.01 psi of its true value. 

2. The Mach number of the air entering the gate chamber must be 
with 0.1 percent of its true value as determined by the compressible 
flow equations. 

These error limits result in a solution which converges rapidly. 
Smaller increments for the various steps increase the computation time 
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but do not significantly change the absolute values of the. flow quan­
tities. Therefore, these limits can be considered as an optimization 
of the required computational accuracy for a minimum computation time. 

In addition to these restrictions, the computations will cease if vapor 
pressure is reached in the system since this is a condition which is 
not defined by the differential equations. Then too, the structure 
could be endangered if vapor pressures did form in the water columns. 

To insure a unique solution at the very low airflow rates, the spe­
cific weight of the air in the gate chamber must be equal to or less 
than the specific weight of air at atmospheric pressure. 

DEFINITION OF BASIC EQUATIONS 

A. Discharge from Reservoir into Penstock 

The flow rate from the reservoir into the penstock is a function of the 
reservoir elevation, the gate opening, and the pressure downstream from 
the gate. These quantities were related through the expression: 

0 = A CD ~ .J WS - Z - P /''Y '""B. g res p R (la) 

for submerged flow and 

QB = A CD .J'2i. .J WS Z + P /-v P /"' g "-el res - p OC ' • atm ' (lb) 

for free flow in the penstock 

For these computations, a constant reservoir elevation of 7165.0 was 
assumed. The conduit invert elevation is 7073.25 and the conduit area 
at the upstream face of the gate is 222.13 square feet (13.52 x 16~43). 
The discharge coefficients were defined by a fifth degree polynomial 
which approximated the discharge curve, Figure 10. 

B. Momentum Equation for Gate Chamber Flow 

The gate chamber configuration was simplified by assuming that it con­
sisted of two main parts, one havfng·a large cross-sectional area and 
the other small (Figure 11). Equating the body forces and the gravita­
tional forces on the water in the upper gate chamber with the inertia 
of the fluid gave: 
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1(H - y) d2 y 
PA - PA + 7(H - y )A = 1 A --:-i-

o i 11 J. J. g 1 dt 
(2) 

Similarly equating body forces, gravitational forces, entrance drag 
forces and frictional forces in the lower gate chamber with the inertia 
of the fluid gave: 

dy 2 

P2A2 - PsA2 + 1L2A2 --k A2(¥- +Ke) ( dt2) 

7L d2 y 
.__aA -J 

g 2 d~ 
(;) 

Equations 1 and 2 are related to each other through the energy equation 
written at the junction of the upper and lower gate chambers: 

(4) 

Through the continuity equation: 

A y • A y 
l.l. 22 

(5) 

Equations 2 through 4 can be combined into one equation which describes 
the flow out of the gate chamber: 

p p 1 [( fL XA )2 
...2. - ..!. + (H - y + L ) - ~ 1 + - + r ..J. 1 1 J. 2 c:g D -e A 

2 

(6) 
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If the water surface is in the lower gate chamber, the equation which 
corresponds with Equation 6 is: 

A (L + R - y ) d2 y P P 
1 2 2 ~ • ..,2 _ ..,:! + (L + R _ y ) 

A3 g a:t2 1 1 2 2 

2 2 

- ~ (~) .l. (~) D A3 2g dt (7) 

C. Momentum Equation for Penstock Flow 

The momentum equation for the penstock flow can be written by equating 
body, frictional, and gravitational forces with inertia. This gives: 

p - p 
p 4 + z 

., p 

fL 2 L 2 z pl(dx) pdx 
,v-n2g cit =sat2 (8) 

The pressure at the end of the penstock, P4 , can be expressed.in terms 
of the tailrace water elevation through the Energy Equation: 

1 (dx)2 
p4 K'l' (dx)2 

2g cit + T = 2g cit + TW - z,.. (9) 

The value for Kt is determined from the steady state conditions of 
flow through a runaway turbine. It is assumed that Kt is not a func­
tion of head across the turbine. For Morrow Point Dam, a maximum dis­
charge of 5,530 cfs with a 405-foot head was used to compute Kt for 
the runaway condition. In Equation 9, the velocity head in the tail­
race was neglected. 

Substitution of P4 from Equation 9 into Equation 8 yields the pen­
stock momentum equation: 

(10) 
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If the free water surface is in the penstock, the length ½, is the 
length of the water column in the penstock between the free water sur­
face and the turbine. 

D. Junction Energy Equations 

The equation for the reservoir flow (Equation 1), the equation for the 
gate chamber flow (Equation 6 or Equation 7), and the penstock flow 
equation (Equation 10) are all related to each other through energy 
considerations at the junction of the gate chamber with the penstock. 

The distribution of energy at a pipe branch or tee has been investi­
gated by several researchers.13/14/ The results of analytical computa­
tions were found to agree relatively well with experimental data. If 
the water enters the penstock from both the gate chamber and from the 
reservoir, the approximate relationship between the pressure immedi­
ately below the emergency gate and the penstock pressure is: 

P v2 P v2 
R p p R -=-+_,--+h 

'Y 2g 1 2g L 
(11) 

where 

Similarly, the pressure in the gate chamber can be expressed by: 

P P v2 v2 
...=i = ...2. + ...2. - _:! • D + hL ., ., 2g 2g p 

(12) 

where 

13/Blaisdell, F. W., Loss of Energy at Sharp-edged Pipe Junctions, 
Technical Bulletin No. 1283, Agricultural Research Service, USDA, 1963. 

14/Gardel, A., Chambers D'Equilibre, F. Rouge and Cie, Lausanne, 1956, see 
also Perkins, F. E. et al, 1964, Hydro Power Plant Transients, Part III, 
Hydrodynamics Laboratory Report No. 71, Massachusetts Institute of 
Technology. 
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With free surface flow in the penstock the head loss across the junc­
tion is zero, as can be seen from Equation 11 when QR=~-

E. Initial Conditions for the Differential Equations 

To start the integration of Equations 6 and 10 certain initial condi­
tions must be given. These conditions can be obtained by solving 
EcJ.uations 6 and 10 for the steady state condition {d2x/dt2 = 0 and 
di::.y/dt2 = 0). Thus at time, t = o, the initial conditions are: 

x = O; dx/dt = 17.776 ft/sec 

y = O; dy/dt = O 

The initial conditions for Equation 7 were obtained by assuming conser­
vation of momentum in the gate chamber and in the penstock as the flow 
left the upper gate chamber. This assum~tion makes dx/dt and dy/dt 
continuous functions. In this case dy/dt must be referenced to the 
lower gate chamber. 

F. Compressible Fluid Flow in the Air Vents 

1. General - The differential equation of motion for compressible flow 
in a constant area duct when losses are considered is: · 

~ + l aM2 + l.. M2 .2:! + dD 1 + l.. Jilt dx = 0 
p 2 2 T pA 2D 

(13) 

(Ref. !1/, p 93.) 

This equation can be solved if the flow is considered as being de.scribed 
by two separate flow regimes, an inlet flow regime and a duct flow re­
gime {Figure 12A). For the inlet regime, the losses are primarily de­
pendent upon form drag, and the effect of friction is neglected. In the 
duct regime, the losses are caused primarily by friction drag. Thus, 
the general differential equation is reduced to the following two simple 
differential equations: 

With friction drag= O, 

(14) 

15/Hall, N. A.,Thermodynamics of Fluid Flow, Prentice Hall, New Jersey, 
1956. 
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With the form drag= O, 

~ + 1. dM2 + Z. M2 ~ + Z. li1-f dx = 0 
p 2 2 T 2 D (15) 

The solutions to these equations can be found in standard thermodynamic 
textbooks.15/16/17/ The most pertinent solutions using these equations 
are summarized and discussed in the following sections. 

The solution of either equation is based on adiabatic (no heat trans­
ferred) flow in the air vent because both the length of the vents and 
the flow durations are short. Therefore, the amount of heat transfer 
which can take place is insignificant when compared with changes in air 
temperature. In addition, the air is assumed to obey the perfect or 
ideal gas laws. This means that the factor k, in the equation, 

k -pv- • constant (16) 

remains constant. Actually, the factor k is a £.unction of both tem­
perature and pressure. However, for the temperature and pressure 
ranges which are experienced with air vent flows, the value of the fac­
tor is essentially constant. 

2. Inlet flow - Computations of flow quantities in the inlet flow re­
gime can ~e carried out in two distinct ways. First, the inlet flow 
regime can be considered as consisting of an accelerating zone followed 
by a decelerating zone, Figure 12A. The flow in the accelerating zone 
is characterized by varying area adiabatic flow with no change in en­
tropy. The decelerating zone is characterized by constant area adia­
batic flow in which changes in entropy are determined by integration of 
Equation 14. The drag term D1 is defined as: 

(17) 

To integrate the equation, an expression giving the drag coefficient, 
Cd, as a function of the Mach number is required. Often Cd is 

.!&/Shapiro, A.H., The Dynamics and Thermodynamics of Compressible 
Fluid Flow, Vol I, the Ronald Press, New York, 1953. 
17/0bert, E. F., and R. A. Gaggioli, Thermodynamics, 2nd Ed, McGraw­
Hill, New York, 1963. 
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assumed to be independent of the Mach number and is given the same 
value as it has with uncompressible flow (Ref. 15/, p 48). However, 
the validity of this assumption is somewhat questionable. 

A second and probably the most accurate way of determining the inlet 
flow relations is to consider the entire region as being varying area 
adiabatic flow (Ref. 15/, p 120). The energy losses (or increases in 
entropy) are expressedthrough discharge and velocity coefficients 
which are determined experimentally. 

Starting with an ideal discharge Mach number (no loss) at the end of 
the inlet region, the pressure ratio between the inlet and the stagna­
tion pressure outside of the inlet is: 

pl. 
r =p = 

0 

k 
-k-1 

+ K-1 M2) -r J.1 
(18) 

With this pressure ratio, the compressible flow discharge coefficient 
can be obtained (Ref. 16/, p 100; Ref. 1J.../, p 337; and Ref. 1a/). 

For this computation, the equation: 

1-C 
1-C 

inc 

( ½- 1) 
= 1 - o.7(c - 0.1) ~· inc 1 

- -1 re 

(19) 

from Reference 18 is probably the most useful. This expression is an 
empirical relationship in which the compressible discharge coefficient 
is computed from an experimentally determined value of the incompres­
sible discharge coefficient. Equation 19 is valid for pressure ratios 
less than the critical pressure ratio: 

(20) 

18/Annand, W.J.D., Compressible Flow through Square-edged Orifices; 
An Empirtcal Approximation for Computer Calculations, Journal Mechanical 
Engineering Science, Vol 8, No. 4, pp 448-449, 1966. 
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For larger ratios the following empirical relationship must be used to 
determine the compressible discharge coefficient: 

11_~c =l-o.7(c -o.1)-(o.27+0.1c1 ) inc nc 
inc 

(21) 

When the compressible discharge coefficient has been determined, the 
true Mach number at the end of the inlet section can be obtained from: 

l +~~ii 
l + !.:.l M2 

2 11 

The velocity coefficient is given by: 

~ 
C =---
vel C <1 

From this the velocity at Point 1 is given by: 

V = C 
1 vel\ 

(22) 

(23) 

(24) 

All of these relationships are required to compute the increase in en­
tropy through the inlet region from the expression: 

(25,a) 
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With no external work, the entropy expression is also equal to the 
ratio of the stagnaMon pressures downstream and upstream from the in­
take. Thus: 

{25b) 

Finally the mass flow rate through the inlet in terms of the true Mach 
number at the end of the inlet region is: 

k+l. 
(26) 

(1 +~ it;_)~(k-1) 

The various flow relationships expressed by Equations 18 through 26 are 
given in Figure 12B. The mass flow rate is shown for a vent area of 
8.25 ft2 (2.75 ft x 3.0 ft) and air temperatures of 40° and 60° F. The 
40° F curves were used in the computer program. A program to compute 
the values of Equations 18 through 26 is given in the Appendix. 

3. Duct flow - The flow conditions in the remainder of the air vent 
are described by the equation for adiabatic flow in a constant area 
cross section in which the losses are ca~sed by friction, Equation 15. 
The complete set of equations describing flow in this region are gen­
erally referred to as the Fanno Equations after an early investigator 
in this field. The effect of bends, changes in cross-sectional area, 
and other types of form losses can be simulated by expressing them in 
an equivalent length of air vent pipe. In this manner, an overall or 
equivalent friction coefficient for the air vent is obtained. The 
friction coefficient is defined as: 

fL 
C =-t D (27) 

Tables of the flow properties are available for the Fanno Flow rela­
tionships in which the inlet Mach number is the variable and the outlet 
Mach number is equal to l.0.'J5/"Jh/!l} The tables are based on the 
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following equations; the pressure at the end of the duct in terms of 
the pressure at "l" is given by: 

(28) 

the friction factor is given by: 

fL max 
D 

2 
l ·M1 K + 1 

= KM2 + 2K 
1 

(29) 

The pressure ratio, at the duct exit when the Mach number ~ is not 
equal to 1.0, is given by: 

(}) · (}) 
e /M 2 M 

1 2 

The corresponding friction factor is given by: 

fL n= 

(30) 

(31) 

4. Critical pressure ratio - Both experiments and the flow equations 
indicate that the flow rate reaches a maximum value for some given ra­
tio of the inlet to outlet pressures. This ratio is known as the "crit­
ical pressure ratio." If the outlet pressure is decreased after the 
critical pressures ratio is reached, the flow rate does not increase, 
but remains constant. When the critical pressure ratio is obtained, 
then somewhere in the air vent a Mach number equal to unity (or a shock 
wave) has developed. At the critical pressure ratio with inlet flow, 
the shock wave forms at the location of the vena contracta. If however, 
a length of duct is placed downstream from the inlet and the critical 
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pressure ratio is maintained, then the shock wave can form at the exit 
of the duct instead of at the vena contracta. 

For ideal flow through a frictionless nozzle, the value of the critical 
pressure ratio is 0.5283. However, the value of the critical pressure 
ratio is less than 0.5283 when friction losses or inlet losses are 
significant. The critical pressure ratio considering only friction 
losses for a specific Mach number at "l" can be obtained from Equations 
20 and 28 using the relationship: 

(32) 

The friction coefficient which corresponds to the specified Mach number 
at "l" is given by Equation 29. 

If both friction and inlet losses are to be considered, then Equations 
25b and 28 must be used in conjunction with Equation 32. 

The critical pressure ratios with and without inlet loss for various 
lengths of air vent conduits are shown in Figure 13. The values given 
represent a shock wave forming at the end of the air vent. The asymp­
totic lines (dashed lines on the ordinate) represent a shock wave in 
the vena contracta of the inlet region. The curves are referenced to 
both the downstream stagnation pressure and the pressure at the duct 
exit. Normally the critical pressure ratio is referenced to the pres­
sure at the duct exit and the inlet stagnation pressure. 

G. Adiabatic Expansion in Gate Chamber 

The adiabatic expansion of air in the gate chamber is based upon: 

(33) 

The specific air volumn, v, is computed for each time increment from 
.the equation: 

Volt+6t 
vt+6t = wt+ 6w 
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where 

w -t 

6W = 

-
'W = 

air volume at end of time increment 

mass of air at beginning of increment 

change in air mass during time interval from 
time = t to t+~t 

mass flow rate through the air vent 

The constant, Ca , in Equation 33 is computed from known atmospheric 
conditions in the gate chamber at the steady state condition before the 
gate begins closing. 

H. Gate Chamber and Penstock Volumes as a Function of Elevation 

The air volume of the gate chamber and the penstock above any water 
surface elevation is a function of elevation. This function is a com­
plicated algebraic expression. Therefore, to simplify the computation, 
the complicated expression is replaced with four linear equations. A 
plot of the volume as a function of elevation is given in Figure 14. 

RESULTS OF COMPUTATIONS 

The air vent configuration which was used in the final design consisted 
of a separate 2-foot 9-inch by 3-foot air vent to each gate chamber. 
With this design the maximum pressure drop in the gate chamber is 1.73 
psi or 3.99 feet of water below atmospheric pressure, Figure 15A. 

The maximum air velocity in the vent is 308 fps, Figure 15B. Assuming 
that the air flow approaches only from in front of the air vent, an 
air velocity of 101 fps will result at a point 2 feet distant from the 
air vent intake. At 3 feet, the air velocity is reduced to 45 fps. 
Therefore, personnel should be prevented from approaching nearer than 
about 4 feet from the intake to the air vent. 

The minimum pressure in the penstock and gate chamber does not drop 
below the vapor pressure of the water, Figure 15C. Therefore, separa­
tion of the water column will not occur. 
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From the standpoints of pressure drop in the gate chamber, maximum air 
velocity, and flow conditions in the penstock, the air vent, as de­
signed, is completely satisfactory. 
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SECTION X-X 
El. 707100-----
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SECTION E-E 
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··El. 7160.46-
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grating, see fJwg. 622-0·IO;! 
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FIGURE 4 
REPORT HY0-584 

·-Trace of air duct SEC. C-C. 
for details.see PLAN G-G (94-/) 

_.-·Line of excavation 

'-SEC C-C, Lme of 
excavation similar 

,-Reference 
' plane 

SECTION D-D 

~rrace of trashrock 
structure columns 
see D wg. 622-D-939. 

CONCRETE REQUIREMENTS 
FINISHE.S: 

Surfaces covered by fill or concrete .- ...... JI or u1 
Downstream side of parapet _______________ JJ 
All exterior surfaces of ice prevention 
equipment house__ _ _ ___ F3 oruJ 

All intake transition surfaces_____ _ ___ F4 orUJ 
All other surfaces. ________ __J2 oru2 

STRENGTH: 

Design of concrete is based on a compressive strength 
of 3000 ps.i. at 28 days. 

NOTES 
Chamfer all permanently exposed corners f unless otherwise 

specified 
Reinforcement required but not shown, 
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SECTION Y-Y 
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,\ .--El. 7155.75,-----, 
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· fittings fa suit 
floor .,drain. " 

------------"...,---

SECTION N-N 

tJ 

'- --,Gutter alignment and extension of 
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FIGURE 5 
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SECTION L-L 
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SECTION W-W 

NOTE 
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NOTE: 
Radial grout holes 
not shown, see PLAN 

For details of tunnel supports, where 
required, see Dwg. 622-0-447 

SECTION A-A 
EXCAVATION 

Symm. about 'f. --~ 

" y 
I , 

I 

I 

L--+'--HJ----""--

SECTION B-B 
PERIPHERY GROUTING 

Grout supply and 
return------------

P.I. Combined bend' 
El. 6755,000 ' 
A =89°28'47" 
R=6716" 

z 

liner 

' ~ : ~PI.Vert.bend 
Reference plane-t ___ -- -- ---9o.ooo'. - - - - -- ->j Reference plane,t-------r:=-_____________ ' ---226.3051 ----- ,--------------------

, - - - -- - -- -------- - --/47. 262 -- -- -- ---- --- -->j 
-28'9¾'->J r~ :

1 
; El. 7080.000 

Farsurface , , ("'Ll=67°I4'48" 
' 

1

11 :,_R= 67!.6" 
----------9o.ooo'---------1 f Pr Vert bend ! 

Penstack Na.!',, _ < N656,03I. 813 : f l'I Combined bend connections, see : : i _ 
Dwg.40-0-5740,-,--._.. , , 

I II ,, .... ...-,; 
I I .,.,, 

: ;_ / ' LE 1,416,331.540 : ,1 N 656)018. 93/ 
N 656,052,058 (', 

1 
/ : / E 1,416,275 745 

E 1,416,419.233) \, -P:.~------0--- --'C>----- ·-:.I) ... El.7080.000-, 

I 
I 
I 

I 
I 

I 
\ 
.'.., ..,, 
0 
·g 
"'-\ 
\ 

_______L 

NOTE: 
Radial grout hales 
not shown, see PLAN 

Far surface 
connections, see 
Dwg. 40-0-5740 ,, 

, 

PROFILE-PENSTOCK No. I 

I //,r 
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Edge of stiffener ring 
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steel lining_,' 

vent 
\ 

I 
---Grout supply and 
'',_ return , 

. \I \ 

' ' I 
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\ 
' 

I 
\ 
I 
I 
I 
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' ' ' I 
I 
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return---"----------, 
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El. 6755.000 1 

t-
i ., 
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"' I 
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___l_ __ ~"-"'-'----'--'-<>-

L 
c~ 

I 

' I 
I 
I 
I 
I 
I 

I I 
r<- - --,.-->, 

Rings of if radial grout / 

NOTE: 
Periphery grout 
outlets and vents 
not shown, see 
PROFILES. 

hales @ 10'.± spacing, / 
each penstack-------' 

~ _s 84°00'00" w 

' \ 
I 
I 

\ 
I 
I 
I 

\ 
\ 
I 

\ 
(ent ~q,~ vent return 

I \ 

'f.'s Unit Na.1-<:, 

PLAN 

'f Unit Na.2--, 

Far surface connections, 
see Dwg. 40-0-5140 ., 

I 

,,_ 

' --..., , __ ..., 
r--: - ---
"' I 

~l'I. Combined bend 
ti N 656,040.613 
: LE 1,416,189.618 

I --------T 
/ I 

.,.tk.-87°00'00" 
·/ \ , 

I 

: _, 
0 
Ch 

1 
I 

N 656,149.355 1) \ 15!..6" - ,, ~ 

--~ l,416,238.347J ''f , . ',,, .. _[N 656,141.202 
-------1a'o"-------"'"/ -'f. s Unit Na, 2 ',_E 1,416,160.774 

,-£ Vents @lo'± crs. 

-<- -<---r __ .f__ _ -- - -->-1- -- --- -->-->-

. ->I k-2f' Min. dia. 
, I' Tubing., ___ ' '-->;-__r/2" Min. 

~ /4~ -
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1-f Vent return,/ 

A= 88°50'25", ~ -- .. , 
R=67!6" 1 , 

J '\.,, 
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PROFILE- PEN STOCK No. 2 

DETAIL Z 

,-El. 6 755. 000 SECTION D-D 

'f Grout outlets ,-'f Alternate grout 
@IO'± crs _ i-------5'±----->1 ; outlets @IO'± crs. 

;};~n~~~:4·~:-_-----~~-~_-_f:_-_~ ~~-:,_-->- ->-

~l.S rt~I -
-1~ ':11 

SECTION E-E 

SECTION C-C 
RAO/AL GROUTING 

NOTES 

FIGURE 6 
REPORT HY0-584 

Final location of grout outlets and vents to be determined 
in field. 

Minimum rad/Us bends for thin wall steel tubing shall be !Of 
far if tubing and 7f' far I" tubing. 

Radial grout hales ta be drilled and grouted ofter concrete 
has been placed around penstacks. 

Pressure applied ta grout hales ta be as directed by the 
contracting officer. 

For details of steel liners, see Dwg. 622-0-405. 
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FIGURE 8 
REPORT HYO - 584 
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FIGURE 9 
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FIGURE 10 
REPORT HYD-584 
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FIGURE 14 
·REPORT HYD-584 
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FIGURE 12 
REPO RT HY0-~84 
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7•1782 (9-67) 
Bureau of Reclamation 

DESCRIPTIVE NAME OF PROGRAM 

AUTHOR ,,A,L1V, § Y, I I I I I I I I I 

1 
PROGRAM STATUS ..l!-, DATE 

1~01R1T1R1A1 ~ 
38 

LANGUAGE I I I I I 

UNITED STATES 

DEPARi:MENT OF THE INTERIOR 

Bureau of Reclamation 

ELECTRONIC COMPUTER PROGRAM ABSTRACT 

HEADER CARD 

1 
,AIR.F, I .. IHl IC.OM I 2ll1I1A.I, LO.Hi 1MI OB.1 B,01W. ~.O,LlUl, rD,AM, 
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LIST OF SYMBOLS FOR PROGRAM TO COMPUTE AIRFLOW INTO GATE CHAMBER 

A. Main Program 

ABSPGC - Absolute pressure in the gate chamber (psia) 
AD - Cross-sectional area of lower section in gate chamber (ft2 ) 

ADUCT - Array name for title 
AG - Area of emergency gate (ft2 ) 

AGC - Array name to store ABSPGC 
AP - Array name to store QP 
AR - Array name to store QR 
AREAP - Cross-sectional area of penstock (ft2 ) 

AS - Array name to store WS 2 
AU - Cross-sectional area of upper section in gate chamber (ft) 
AVENT - Cross sectional area of the air vent (ft2 ) 

AVOL - Volume of air in gate chamber and penstock above the 
free water surface (ft5 ) 

AVOLRE - AVOL for steady state condition 
C - Compressible discharge coefficient for air 
CA - Array name for CD 
CD - :Emergency gate discharge coefficient 
CINC - Incomp~essible discharge coefficient for air 
CKA - Accuracy to which the gate chamber pressure has been 

computed (psi) 
CKB - Array name for CKA 
CONST - Constant for an isentropic process 
DELT - Time increment for which computations are printed (sec) 
DELTIM - Time interval from nearest second to time when water 

leaves upper section of gate chamber or time when 
water leaves lower section of gate chamber (sec) 

EK - Loss factor between large and small sections of the gate 
chamber 2 

ENRTAP - Inertia in penstock (ft/sec) 
ERTAGC - Inertia in gate chamber (ft/sec2 ) 

FP - Friction factor in penstock 
FRICT - Friction coefficient in air vent (Eq 27) 
GCR - Time rate of emergency gate closure (%/sec) 
HCOL - WSREF minus elevation of entrance to lower gate chamber (ft) 
I - Counter 
J - Counter 
JFIRST - Integer to check for special conditions 
JN - Counter 
MACHA - Array name for MIR, see subroutine AMACH 
MACHGA - Array name for MACHGC 
MACHGC - Mach number at gate chamber end of air vent 
MACHIN - Mach number at inlet end of air vent 

2 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



MINC - Percent accuracy to which Mach number must be computed 
divided by 100 

N - Counter 
NI.PS - Counter 
NTIM - Counter 
P3 - Pressure at lower end of small section of gate chamber (ft) 
PA - Array name for PP 
PATM - Atmospheric pressure (psi) 
PGA - Array name for PG0 
PGC - Gate chamber pressure (ft) 
PGCINC - Accuracy to which gate chamber pressure must be 

computed (psi) 
PG0 - Percent emergency gate opening(%) 
PIN - Pressure in inlet of air vent (psi) 
PL - Length of water column in penstock (ft) 
PP - Penstock pressure (ft) 
QGA - Array name for QGC 
QGC - Discharge from gate chamber (cfs) 
QP - Discharge from penstock (cfs) 
QR - Discharge through emergency gate (cfs) 
SPV0L - Specific volume of air (ft3/lbm) 
SPWTA - Specific weight of air (lbm/ft3) 
SPWTAG - Array name for SPWTA 
T - Elapsed time from beginning of gate closure for which 

output is printed (sec) 
TL0SS - Loss factor across turbine 
TOUT - Time at which water leaves large section of gate 

chamber or time at which water leaves small section 
of gate chamber (sec) 

VEL2 - Velocity at which water leaves large section of gate 
chamber or velocity at which water leaves small 
section of gate chamber (ft/sec) 

VGC - Velocity of the free water surface in the gate chamber 
(ft/sec) 

VIN - Air velocity in inlet section of air vent (ft/sec) 
V0LGC - Volume of water in gate chamber between last time 

increment and time water leaves the gate chamber (ft3) 
V0UT - Air velocity in outlet section of air vent (ft/sec) 
VP - Water velocity in penstock (ft/sec) 
WS - Free water surface elevation in gate chamber or penstock 
WSREF - Free water surface elevation in gate chamber for steady 

state condition 
WSTEST - Dummy variable to check location of free water surface 

in gate chamber 
WTAIR - Weight of air in gate chamber and penstock (lb) 
WTFLA - Airflow rate through air vent (lbm/sec) 
X - Distance particle of water moves in penstock after gate 

begins closing (ft) 
Y - Distance water surface falls in gate chamber after gate 

begins closing (ft) 
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B. Subroutine Q 

GATEZ - Elevation of bottom of emergency gate 

All other symbols are defined in main program. 

C. Subroutine DE2 

AI-3 
AKI-4 
ALI-4 
AMI-4 
API-4 
BI-3 
CI-3 
DI-3 
DELF 
DEL2F 
DEL3F 
DEL4F 
DEL G 
DEL2G 
DEL3G 
DEL4GEI-3 
F 
FC 
FL 
G 
GC 
GL 
RKT 
RKVX 
RKVY 
RKX 
RKY 

Dummy variables used in the integration 

H - Small increment of time which is one fifth as large as DELT 
DEL X - Incremental change in X determined from the integration 

for time interval H 
DELTVX - Incremental change in VX determined from the integration 

for time interval H 
DELTY - Incremental change in Y determined from the integration 

for time interval H 
DELTVY - Incremental change in VY determined from the integration 

for time interval H 
I 
J Counters 
K 
VX - VP in main program 
VY - VGC in main program 

All other variables are defined in the main program. 

4 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



D. Subroutine DELTD 

DEL2- Dummy variables used in computing the fourth difference 
DEL -DELl _ of a series of five quantities 
DEL4 - The fourth difference 
A - An array of five quantities 

All other variables are defined in the main program. 

E. Function FUNCTI 

FUNCTI - The inertia of flow in the gate chamber (ft/sec2 ) 

PT - The pressure at the lower end of the small section of 
the gate chamber (ft) 

PVAPOR - Vapor pressure of water (ft) 
VHGC - Velocity head in the gate chamber (ft) 
VHP - Velocity head in the penstock (ft) 
VHR - Velocity head immediately downstream from the 

emergency gate 

AA-X 
BA-Y 
CA-VX 
DA-VY 
FA-T 

From Subroutine DE2 

All other variables are defined in the main program. 

F. Function FUNCT2 

2 FUNCT2 - The inertia of flow in the penstock (ft/sec) 

AB-X 
BB-Y 
CB-VX 
DB-VY 
EB-T 

From Subroutine DE2 

All other variables are defined in the main program. 

G. Subroutine DEl 

AI 
A3 
AKI-4 
BI-3 
CI 
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C3 
DELF 
DEL2F 
DEL3F 
DEL4F 
DELTX 
F 

Dummy variables used in the integration 

FC 
RF 
RT 
RVX 
RX 

H - Same definition as in Subroutine DE2 
VX - VP in main program 
K - counter 

All other variables are defined in the main program. 

H. Function FUNCT3 

2 
FUNCT3 - The inertia of flow in the penstock (ft/sec) 
AC - X in the main program 
BC-VP in the main program 
DC - Tin the main program 
DQRDT - Time rate of change of QR (cfs/sec2 ) 

DWS - Difference between free water surface in penstock 
and tailwater elevation (ft) 

GATEZ - Elevation of bottom of emergency gate 
VHP - Velocity head in the penstock (ft) 

All other variables are defined in the main program. 

I. Subroutine AMACH 

AVOLU - Air volume above elevation 7113 
CK - Sum of all the terms in EQ 31 
CKASAV - Dununy variable to save CKA 
CKM - Dummy variable to save CK 
DCKDM - Derivative of CK with respect to MACHGC 
DEQDM - Derivative of EQ with respect to MACH 
DMlI - Incremental change in Mll 

Ratio between stagnation pressure at end of inlet section 
in air vent and atmospheric pressure 

EQ - Evaluation of EQ 29 for a given Mach number 
DQLH - EQ with Mach number= MACHIN 
EQRH - EQ with Mach number= MACHGC 
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~~CK I Counters 

Mll - Ideal Mach number in inlet section of air vent 
MlR - Real Mach number in inlet section of air vent 
MACH - Dummy variable replacing given Mach number in the 

expression EQ 
MACSAV - Dummy variable to save MACHIN 
MM -
MOON -
N - Counters 
NDO -
NWP -

PGCTRL - Gate chamber pressure based on Mach numbers (psi} 
PGCTST - Gate chamber pressure based on adiabatic expansion 

of air in gate chamber (psi} 
PGCSAV - Dununy variable to save ABSPGC 
PIN - Stagnation pressure at end of inlet region in air vent (psi} 
R - Ratio between atmospheric pressure and pressure in inlet 

section of air vent 
RADICL - Dununy variable used in computing MIR 
RC - Critical pressure ratio in inlet section of air vent 
RNLUP - Dummy variable 
ROOT - Dummy variable used in computing MIR 

All other variables are defined in the main program. 

COMPUTER REQUIRED 

The program conforms to USASI specifica~ions for FQRTRAN IV and is com­
patible with most computers using FORTRAN IV compilers. The program as 
written has been run on a Honeywell H-800 and a Control Data CDC 6400 
computer. 

RUNNING TIME 

With the CDC 6400, 18 seconds of central processer time and 7 seconds 
input/output time are required. About 15,000 words of core memory are 
needed for the program. 

With the Honeywell H-800, about 7 minutes of central processer time are 
required for compilation and execution. Of this time, 3 minutes are 
required for compilation. Core memory required is 7,378 words. 
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PREPARATION OF INPUT DATA 

The input data consist of variables which the user will want to vary to 
determine their effect on the solution. These include: 

the time increment for which output is required 
atmospheric pressure 
specific weight of air 
cross-sectional area of air vent 
air vent friction factor 
emergency gate closing rate 
accuracy to which gate chamber pressure must be determined 
accuracy to which outlet Mach number must be determined for 

a given inlet Mach number 
title for the type of air vent studied 

The first eight values of input data should be placed in Columns 1-64 
of the first data card using an F8.4 format. The title should be 
placed in Columns 1-72 of the second data card using an 12A6 format. 
The title should be centered about Column 37 of the title card. 

The deck should be stacked according to the following diagram: 

~ - - - -Data 

- - - -Data Card 

~ ____ Main Program and 
Subroutines 

,___ ____ ____. - - -Control Card(s) 
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BROGRAM ·.:LISTING 
• .. ., ···- ·-~>' -::.• -: '·. ·." • ' •• 



MAIN PROGRAM 1/5 

C COMPUTATIO~ OF AIR F~OW INTO GATE CHAMBER DURI~G AN EMERGENCY C CLOSURF OF GATES FOR THE PENSTOCK INTAKE ST~UCTUR~ C MOR~OW POINT DAM 

C 

REAL MINC 
REAL MACHA,MACHGA 
COMMON CD.DELTVX,DEL•vv.ABSPGC,PATM,PGC,WSREF,HCOL,WS,QR,QP, 

1PP,P3(50) .J 
2,PL,FP,TLnss,AU,AD,AREAP,AG,EK 
3,GCR,PGO,JFIRST, 
4WTFLA ( 50) , MACHA ( 50) , tr1ACHGA ( 50) 
5,AVOL,PIN.C 
6,T<SO),JCK 
7,ENRTAP<5o) 

DIMENSION ADUCT ( 12) ,QGA cso~ •AR (50) ,AP (50) ,AS (50) ,AGC (50), 1VIN(50) ,VnUTC50) ,PA(50) •PGA(50) ,CA<50) ,ERTAGC(SO), 
2 SPWTAGl5o)•SPV0L(50l• 
3CKB(50) •X<50) ,y(SOl ,VP<SO) ,VGC(SO) 1 READ<2,2>DELT,PATM,SPWTA,AVENT,FRICT,GCR,PGCINC,MINC 

2 FORMAT(8F8,4) 
3 READ(2,4) cACUCT<I> ,I=l.12) 
4 FORMATC12A6) 

WRITE(3,lll> 
111 FORMAT<lHl,//) 

C INITIAL CONDITIONS 
C 

co= ,93o3o4~ o PL= 471, 
D Fp: 1009 u TLOSS= 82.75 ~ AU= 148.59 
~ AD= 46o6l * AREAP: 14~ 1 14 
~ AG= 222,13 
~ QR: AREAP~S0RT(405,~64,4/(TL0SS•l,+FP~PL/13,5+(AREAP/AG/CD>~U2)) D PP= 91.75-(QR/AG/CO)U~2/64,~ * QP = QR 

QGC: 0, 
WS: PP+ 7073,25 ~ WSREF = WS 
HCOL= WSREF-7113. * AVOLRE = 1064647, - l48.59ttWS ij WTAIR = SPWTA u AVOLRE 
AVOL= AVOLRE 
CI NC = , 5 
ABSPGC: PATM 
PIN= PATM 
MACHIN: 01 
MACHGC = 01 
PGC = 2.3n769~PATM 
CONST= PATM / SPWTA~al.4 
CKA= O, 
T(l): 0, 

EK= •8 
-JFIRST= l 

DEL TIM= O. 
NTIM= 0 
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MAIN PROGRAM 2/5 
C 
C COMPUTATIONS IN MAIN LOOP 

C 

40 NTIM= NTIM+l 
J: NTIM•l 
NLPS= NTIM+40•J 
IF(NTIM,LE,l)GO TO 4$ 

C SECOND TIME THRU 
JFIRST= 2 

C 

C 

TU>= T\41) 
QGAU)= QGAC41) 
ARU): ARC41) 
AP Cl): A'P C 41) 
VP(l): VPC41) 
VGC CU= VGC < 41> 
XU): X'41> 
YU)= Y\41) 
AS Cl·) = AS C 41> 
AGC (l > = AGC <41> 
VIN(l): VIN(41) 
VOUT(l)= voUT(41) 
PGA(l): PGA(41) 
CACl): CAC41> 
ENRTAPCl): ENRTAPC4ll 
ERTAGCCl>: ERTAGCC4li 
PACl): PAC41) 
MACHA(l)= MACHA(41) 
MACHGACl>: ~ACHGA(41) 
SPWTAG(l): SPWTAGC41) 
SPVOL(l>= SPVOL(4l) 
WTFLA(l): WTFLAC41) 
CKBCl)= CKBC41> 
P3Cl): P3C41> 

4S J: J+l 
JN= J•l 
IFCJFIRST.EQ,l)GO TO 10 
IFCJFIRST.GE,6) GO TO 35 
IFCJ.LE•6>GO TO 30 
WSTEST: AS(J•4)•4,0DELTDC2•DVGCCJ•l)•VGCCJ•2>+2.u 

1VGCCJ•3))/3• 
IFCwSTEST.LE,7087.8)10 TO 35 
IFCWSTEST.LE,7113,)GO TO 3T 
GO TO 30 

C WATER SURFACE IN PENSTOCK 
C 

35 IFCJFIRST.EQ,6JGO TO 41 
IFCJFIRST.EQ•7>GO TO 42 
IFCJFIRST.EQ,8)GO TO &O 
VOLGC: CASCJN)•7087•1> 
TOUT= T(JN)+VOLGC/VG€CJN) 
VEL2: VGC1JN)+FUNCT2tXCJN),Y(JN),VP(JN),VGC(JN),T(JN))• 

lCTOUT•T CJN)) 
DELTIM= (AS(JN)•7087,8)o2.ICVEL2+VGCCJN)) 
TCJ): T(J•l>+DELTIM 
CALL DE2CX,Y,VP,VGC,t,DELTIM,JN,JN) 
JFIRST= 6 
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C 

MAIN PROGRAM 3/5 

AS(J): WSREF•Y(J) 
ws= AS<J> 
WSREF: AS<J) 
X<Jl = 0, 
CALL AMACH(CINC,MINC.FRICT,AVENT,DELTIM,PGCINC,WTAIR,CONST, 

lCKA) 
GO TO 7 

41 DELT= DELT•DELTIM 
JFIRST= 7 
GO TO 60 

42 DELT= DELT+DELTIM 
JFIRST= 8 

60 CALL DEl<X,VP,T,DELTtJN> 
AS(J): WS 
GO TO 70 

C WATER SURFACE IN LOWfR GATE CHAMBER 
C 

C 

C 

37 IF<JFIRST.EQ,3)GO TO 38 
IF(JFIRST.E0,4)GO TO 39 
IF<JFIRST.EC,S)GO TO 30 
VoLGC: <AS(JN)•7113,i 
TOUT= T<JN)+VOLGC/VGC(JN) 
VEL2= VGC<JN)+FUNCT2{X(JN),Y(JN),VP(JN),VGC(JN),T(JN>)~ 

l(TOUT•T(JN)) 
DELTIM= (AS<JN)•7113,>~2,/(VEL2•VbC(JN)) 
T<J): T(J•l)+OELTIM 
CALL DE2<X,Y,VP,VGC,t,DELTIM,~N,JN) 
JFIRST= 3 
AS(J): WSREF•Y(Jl 
ws= AS<J> 
CALL AMACH(CINC,MINC,FRICT,AVENT,DELTIM,PGCINC,WTAIR,~ONST, 

lCKA) 
GO TO 7 

38 DELT= DELT•DELTIM 
JFIRST= 4 
Go TO 30 

39 DELT= DELT+LELTIM. 
JFI RST= 5 
GO TO 30 

30 CALL DE2(X,Y,VP,VGC,l,DELT,JN,JN) 
AS(J): WSREF•Y(J) 
ws= AS<J> 

70 CALL AMACH(CINC,MIN~•FRICT,AVENT,DELT,PGCINC,WTAIR,CONST, 
lCKAl 

IF<JFIRST.GEe7)P3(J): 2,30769U(ABSPGC•PATM) 
GO TO 7 

C ASSIMILATION OF RESUuTS 
C 

10 QGA(l): QGC 
AR<l)= QR 
Ap(l): QP 
VP(l): AP(l)/143,14 
VGC(ll= O. 
X<ll= 0, 
Y<ll= 0, 
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C 

AS<l): WS 
AS(2): WS 
AGC(l)=ABSPGC 
VIN(l)= O. 
VOUT(l): o. 

MAIN PROGRAM 4/5 

ENRTAP (J): FUNCTl ex (J) ,y (J) ,VP (J) ,VGC (J) ,T (J)) t•FL/32,2 .. , .. 1,) 
ERTAGC(J): fUNCT2!X<J),Y(J),VP(J),VGC(J),TCJ))~(WSREF•7113,+AU/ 

1AD~25a2)U(~l,)/32,2 
PGA(l): FGO 
CA(l): CD 
PA(l): PP 
MACHA ( 1): 
MACHGA ( l): 
SPWTAG(l): 
SP VOL ( l) = 

c,, 
o. 
SPWTA 
1,/SPWTA 

W TF LA ( 1) = 0 , 
CKB(l): 0 1 

JFIRST= 2 
6 Go TO 11 
7 CALL Q(QGc,VP,VGC) 
8 QGA(J): QGC 

IF<JFIRST.EQ,lOO)GO TO 55 
AR(J): QR 
AP(J): QP 
AGC(J):ABSPGC 
IF(JFIRST.GEa7) GO TO 85 
ENRTAP(J): FUNCTl(X(J),Y(J),VP(J),VGC(J),T(J))~PL/32,2DC•l,) 
ERTAGC(J): FUNCT2<X<J),Y(Jl,VP(J),VGC<J>,T(J>>~<WS •7113,+AU/ 

1A0•25,2)*(•1,)/32a2 
IF(WS.LE,7113.>ERTAGC(J>= FUNCT2(X(J),Y(J),VP(J),VGCCJ),T(J)) 

l~AU/ADO(WS•7087e8)*(•l•l/32•2 
Go TO 80 

85 ENRTAP(J): FUNCT3(X(J),VP(J>,TIJ))(•(661618•WS)/32.2 
ERTAGC(J): 0, 

80 WTAIR: WTAIR+(WTFLA(JN)+WTFLA(J))•DELT/2, 
IF(JFIRST.EQ 1 3,0R,JFlRST,EQ,6)WTAIR= WTAIR+(WTFLA(JN> 

l+wTFLA(J))U(DELTIM•DfLTl/2• 
lf(JCK.EQ,3)WTAIR: WTAIR+(WTFLA(J)•WTFLA(JN)>•OELT/2, 
SPWTAGCJ): ~TAIR/AVO~ 
SPVOL(Jl= l•/SPWTAG(J) 
PGA(J): PGO 
PA(J): PP 
CACJ): CD 
VOUT(J): MACHGA(J)DS&RTC32•~u5pyQL(J)ul,4•AGC(J)*l44a) 
IF<AGC<J>.GE,PATM)GO TO 20 
VIN(J): Cu2449,4U5QRt(l.•(AGC(J)/PATM>•~l2•/7,)) 
GO TO 21 

20 VIN(J): VnUT(J) 
21 CKBCJ): CKA 

IF<JFIRST.EQ,lO)GO TO 55 
11 IF(J,LT,NLPS)GO To 45 

C WRITE STATE~ENTS FOR OLJTPUT OF RESULTS 
C 

55 J: JN+l 
IF<JFIRST.E0,100) J:J-1 
WRITEC3,12) PATM,SPW7A,<ADUCT(I),I=l,12) 
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MAIN PROGRAM 5/5 

12 FORMAT <1Hl,6X,56H COMPUTATION OF AIR F'LOw INT~ THE GAT--r CHAM8ER tr'" 
lURING AN/ 16X,40H EMERGENeY GATE CLOSURE IN T~E PENSTOCK• / ~7X, 
216H INTAKE STRUCTUR~ / 27X,18H MORROW POINT DAM // 8X,22H ATM8SP 
3HERIC PRESSuRE ,12x, 24H SPECIFIC WEIGHT OF AIR / 1,x, F6,2, 5H P 
4S1 , 23X,F6.4, llH LI/Cu,F'• II 12A6 //) 

WRITE(3,13) CT(N) ,QGA(Nl ,AR(N) ,AP(Nl ,AS(N) ,AGC(N) ,VIN<N>,VOUTCN), 
lN=l,J) 

IFCJFIRST.Eo,100)WRITEC3,120)T(J+l) 
120 FORMAT(4X,F6,l,SX,38~ VAPOR PRESSURE FORMED IN GATE 

13 FORMATC5X,64H TIME Q Q Q WS 
CHAMBER> 

GATE INL 
lET OUTLET /5X,64H GATE RES PENSTOCK ELEV CHAMBER 
2 AIR VEL AIR VEL /5X,64H CHAMBER 
3 PRESS /5X,64H <SEC) (CFS) (CFSl (CFS) 
4 (PSIAl <FT/SEC) (FT/SEC> //C4X,4F8,l,F8a2.1X,f8,3,2F6,l)) 

WRITE<3,1,> PATM,SPWTA,cADWCT(I>,I=l,12) 
WRITE<3,14) (T(N),P3(N),PA(N),PGA(N),CACN),ERTAGC(N),lNRTAPCN),N:l, 

lJ) 
IF(JFIRST.E0,100lWRIJE(3,100)T(J+1) 

100 FORMAT(7X,F6,1~5X,38M VAPOR PRESSURE FORMED IN GATE CHAMBER) 
14 FORMAT(8X,56H TIME PRESS PENSTOCK GATE COEFF INERTIAL TER 

lMS /6X,56H AT 3 PRESS OPENING DISCH, GATE PENSTOC 
2K /8X,32H (SEC) tFT> (FT) (0/0) //(7X,F8.1,2F8,2,F8cl• 
3F8,4,2F8,4)) 

WRITE(3,12) PATM,SPWJA,<ADUCT<I),I:1,12) 
WRITE(3,15) CT(N),MACMA<N),MACHGA(N),SPWTAG(N),SPVOL(N),WTFLA(N), 

lCKB(N) ,N=1,Jl 
IF(JFIRST.EQ,100lWRITE(3,l00)TCJ+ll 

15 FoRMAT(8X,56H TIME MACH NO,MACH NO.SPECIFICSPECIFICAIR fLOWACeUR 
lACY /8X,56H AT AT WEIGHT VOLUME RATE OF PRES 
2S /8X,56H INLET OUTlET OF AIR OF AfR CALC, / 
38X,56H <~EC> LB/CU FTCU FT/LBLBM/SEC (PSI) // 
4(7X,F8.l,3F8.4,2F8,2~F8.4)) 

WRITE < 3 .16) < Q GA ( J > , A,- CJ l , AP CJ) , VP ( J l , VG C ( J ) , X C J) , Y < J t , AS CJ> , 
lAGC(J),VIN(J),VOUT(Jl,PGA(J),CA(J),ENRTAP(J),ERTAGC(J)• 
2PA(J) ,MACHli(J) ,MACHGA(Jl ,SPWTAG(J) ,SPVOL(J) ,WTF'LA(JhCKB<JJ) 

16 FORMAT(1Hl,<9X,4El3•6l) 
IF<JFIRST.E0,100)GO 70 110 
IF(NTIM.LF,llGO TO 4~ 

110 CONTINUE 
GO TO 1 
END 
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SUBROUTINE Q(QGC,v~,VGC> 
REAL MACHA,MACHGA 
DIMENSION VP<SO),VGCJSO> 

SUBROUTIN.E Q 

COMMON CD.DELTVX,DELlVY.ADSPGC,PATM,PGC,WSREF,~COL,WS,QR,QP, 
lPP,P3(50).N 
2,PL,FP,TLOSS,AU,AD,AREAp,AG,EK 
3,GCR,PGO,JFIRST, . 
4WTFLAC5O),MACHA(5O>,~ACHGA(5O) 
5,AVOL,PIN.C 
6tT(5O),JCK 
7,ENRTAPl5O) 
Qp: VP(N)oAREAP 

2 IF(JFIRST.GT,6)GO TO 3 
QGC=VGCCN>•AU 
IF(JFIRST.GT,3)QGC= YGCcN>•AD 
GO TO 4 

3 QGC=O. 
4 QR= QP•QGC 

I/ I 

IF<JFIRST.GE,7)QR: Al•CDOSQRTC64,40(9l,75•PGC+2•30769•PATMJ) o 
GATEZ: 7073e25+13.50PG01lOO~ • 
IF(JFIRST.GE,7 1 AND,W6,GF 1 GATEZ)QR: AG•CD~SQRT(64,40(91,T5•PP+PGC * 

l•2,307690PATM)) 
RETURN 
END 
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SUBROUTINE 

sue~OUTINE tE2 (X,Y,V~,VY,U,UtLT,N,NT) 
REAL MACHA,MACHGA 

DE2 

DIMENSION X(50) •Y(50) •vx (50) ,VY(50) ,RKT(5) ,RKX(5), 
1RKY(5) ,RKVX(5) ,RKVY(§) ,F(5) ,G(S) ,U(50) 

COMMON CD,DELTVX,DELtVY,ABSPGC,PATM,PGC,WSREF,~COL,WS,QR,QP, 
lPP,P3(50) ,IDUD 
2,PL,FP,TlnSS,AU,AD,ABEAP,AG,EK 
3,GCR,PGO,JFIRST, 
4WTFLA(50),MACHA(50),~ACHGA(SO) 
5,AVOL,PIN,C 
6,T(SO),JCK 
7,ENRTAP<So) 

RKX(l)= X<N) 
RKY(l)= YtN) 
RKVX(ll= VX(N) 
RKVY(l): vY(N) 
IF(JFIRST.EQ,4)RKVY<l>= RKVY(l)~AU/AD 
RKT(l): TtN) 
H: DELT/5. 
F(l): FUNCTl (RKX(l) t~KY<l> ,RKVX(l) ,RKVY(l) ,RKT(l)) 
G(l): FUNCT2 (RKX(l) tBKY<l) ,RKVX(l) ,RK\IY(l) ,Rl<T(l)) 
DO 100 K=i.4 
AKl= RKVXtK)ttH 
ALl= RKVY<K)4tH 
AMl= HUFUNCTl(RKXtK)tRKY(K),RKVX(K),RKVY(K),RKT(K)) 
APl= HUFUNCT2(RKXtK>,RKY(Kl,RKVX(K),RKVY(K),RKT(K)l 
AK2= (RKVX(K)+AMl/2,)UH 
AL2= (RKVY(K)+APl/2,lUH 
Al= RKX(K)+AKl/2, 
Bl= RKY(Kl+All/2, 
Cl= RKVX(K)+AMl/2, 
Dl= RKVY(K)+APl/2. 
El= RKT(Kl+h/21 
AM2 = FUNCTl(Al,Bl,Cl,Dl,El)UH 
AP2 = FUNCT2(Al,B1,Cl,D1,El)UH 
AK3= (RKVX(K)+AM2/2,)UH 
AL3= (RKVY(K)+AP2/2,)UH 
A2= RKX<K>+AK2/2, 
B2= RKY<K>+AP2/2, 
C2= RKVX(K)+AM2/2, 
D2= RKVY(K)+AP2/2, 
E2= RKT(K>+H/21 
AM3 = FUNCTl(A2,62,C2,D2,E2)UH 
AP3: FUNCT2(A2,B2,C2,D2,E2)UH 
AK4= (~KVX(~)+AM3)~H 
AL4= (RKVy(K)+AP3)~H 
A3= RKX<K>+AK3 
B3= RKYfK>+AL3 
c3: RKVX(K)+AM3 
D3= RKVY(K)+AP3 
E3= RKT(K>+~ 
AM4: FUNCTl(A3,B3,C3,D~tE3)UH 
AP4: FUNCT2(A3,B3,C!,D3,E3)UH 
DELTX = (AK1+2,*AK2+2.*AK3+AK4l/6, 
DELTY = (AL1+2,*AL2+a.uAL3+AL4)/6, 
DELTVX= (AM1+2,UAM2+l•*AM3•AM4)/6, 
DELTVY= (AP1+2,*AP2+!,UAP3+AP4)/6, 
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RKTCK+l)= RKTCK)+H 
RKXCK+l>= RKXCK)+OELTX 
RKYCK+l)= RKYCK)+DELtY 
RKVXCK+l)= RKVXCK)+D!LTVX 
RKVYCK+l): RKVYCK)+DELTvY 

SUBROUTINE DE2 2/2 

F~K+l): FLJNCTl(RKXCKtl).RKY(K+l),RKVXCK+l),RKVYCK+l),RKTCK+l)) 
G(K+l)= FuNCT2(RKX(K+l),RKY(K+l),RKVX(K+l),RKVY(K+l),RKT(K+l)) 

100 CONTINUE 
C 
C CORRECTION OF THE ?NtEGRATION 
C 

C 

CALL DELTD CF,DELF,D!L2F,DEL3f,DEL4F) 
CALL DELTD CG,DELG,DfL2G,DEL3G,DEL4G) 
RKVX(2>= RKVXCl)+H~C~(l>+DELF/2,•DEL2F/12,+0EL3f/24.~0tL4F/40,> 
RKVY(2)= RKVY(l)+HU(l(l)+DELG/21•DEL2G/12.+0EL3G/24,~DtL4G/40,) 
RKX(2): RKXCl)+HncRKVX(l)+RKVXC2))/2, 
RKY(2): RKY(l)+H•CRKijY(l)+RKVYC2))/2. 
DO 10 J:l,3 
FCJ+l): F11NCT1<RKXCJt1>,RKY(J+l),RKVXCJ+l),RKVYCJ+l),RKTCJ+l)) 
GCJ+l): FUNCT2CRKXCJtl),RKY(J+l),RKVXCJ+l>,RKVYCJ+l),RKT(J+l)) 
RKVX(J+2): RKVXCJ>+(FCJ+2)•4,Uf(J+l)+F(J))DH/3, 
RKVYCJ+2): PKVY(J)+(GCJ+2>•4,UG(J+l>•G(J))UH/3e 
Fe= FUNCT1CRKXCJ+2)•-KY(J+2>,RKVXCJ+2),RKVYCJ+2>,RKTCJ+2)) 
GC= FUNCT2<RKXCJ+2>,.KY(J+2),RKVXCJ+2>,RKVY(J+2>,RKTfJ+2)) 
RKVX(J+2): RKVX(J+2)tCFC•FtJ+2))UH/3, 
RKVY(J+2)= RKVY(J+2)tCGc~GlJ+2))UH/3• 
RKXCJ+2>= RKXCJ+l>+H~CRKVX(J+2>•RKVX(J+l))/2• 
RKYCJ+2)= RKY(J+1J+HU(RKVY(J+2)•RKVY(J+l))/2. 
FCJ+2): Fe 

10 GCJ+2>= Ge 
WRITE(3•20)CRKT(I),R(XCI),RKYCI),RKVX(l),RKVYCI)•I=l,S) 

20 FORMATCF5.l,El0a3a3F9•4> 

C FORWARD INTEGRATION 
C 

VX(N+l): RKVXC4)+ H•t2.oFC5)+CFC3)•2aoF(2)+F(l))/3•+f(5)•fC2> 
1+3,°FC3)•3e*FC4)) 

VVCN+l>= RKVYC4)+ H~t2,•GCl)+<GC3)•2.0G(2)+G(l))/3•+G(5)•Gl2> 
1+3,oG(3)•3 1 oGc4)) 

X(N+l)= RKX(4)+Hoc2.~RKVX(5)+CVX(N+l>~2,0RKVX(S)+RKVX(4))/3,) 
Y(N+l)= RKY(4)+Hoc2.0RKVY(5)+(VY(N+l)•2,0RKVY(5)+RKVY(4))/3,) 
TCN+l): TtN)+DELT 
FL: FUNCT1CX(N+l),YC~+l>,VM(N+l),VYCN+l),TCN+l)) 
GL= FUNCT2(X(N+l>,YC~+l>,V~(N+l),VY1N+l),T(N+l)) 
VX(N+l>= RKVX(4)+Htt(~C4>~4,*FC5)+FL)/3, 
VY(N+l>= RKVY(4)+H*CS(4>•4,*G(5)+GL)/3• 
XCN+l>= RKXC4)+H*CRKYXC4)+4,~RKVXC5)+VXCN+i>>l3, 
Y(N+l): RKY(4)+H*fRKYYC4)+4aURKVY(5)+VY(N+l))/3• 
FL= FUNCT1CX(N+l),YCN+l>,VXCN+l),VY(N+l)tTCN+l>> 
GL= FUNCT2CXCN+l>,Y<N+l>,V~CN+l),VYCN+l),TCN+l)) 
RETURN 
END 
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SUBROUTINE DELTD<A,~,E,D,DEL4) 
REAL MACHA,MACHGA 

SUBROUTINE DEL TD I /I 

COMMON CD,DELTVX,DELlVY,ABSPGC,PATM,PGC,WSREF,HCOL,wS,QR,QP, 
1PP,P3(50),J 
2,PL,FP~TLOSS,AU,AD,AREAP,AG,EK 
3,GCR,PGO,JFIRST, 
4WTFLA(50),MACHA(50),HACHGA(50) 
5,AVOL,PIN,C 
&,T (50) ,JCK 
7,ENRTAPl5o) 

DIMENSION A<5>,DEL(4),DEL2(3),DEL3<2> 
DO 1 I=!,4 

1 DELlI>= AcI+l)•A(I> 
DO 2 K=l,3 

2 DEL2(K>= DEL(K+l).OE~<K> 
DO 3 Jl(:1,2 

3 DEL3CJKl= DEL2(JK+l)•DEL2<J~) 
B: DEL Cl) 
E= DEL2Cll 
D= DEL3(1> 
DEL4= DEL3C2)•DEL3<ll 
RETURN 
END 
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FUNCTION FUNCTl(AA,BA,CA,OA,~A) 
REAL MACHA,MACHGA 

FUNCTION FUNCTI 

COMMON CD.DELTVX,DELtVY,ABSPGC,PATM,PGC,WSREF,~COL,WS,QR,QP, 
1PP,P3(50),J 
2,PL,FP,TLOSS,AU,AD,AREAP,AG,EK 
3,GCR,PGO,JFIRST, 
4WTFLA(50),MACHA(50),MACHGA(50) 
5,AVOL,PIN,C 
6,TCSO>,JCK 
7,ENRTAP(5o) 

PGO= 100,•GCRoEA 
IF(PGO,LE.O.)GO To 100 

I/ I 

co= (la04QE•04)+(7,062E-03lOPG0•(5.830E•05)UPGOOU2+(2•395E•06) • 
l*PG00U3•(3,S78E-08)*PG00U4~(l,987E•l0)UPG0005 • 

GO TO 101 
100 PGO= O• 

co= o. 
101 VHP= CAo0~/64,4 

VHGC: DA4to2/64,4 
VHR= (C~•DADAU/AREAP}UU2/64,4 
lFCJFIRST.Gf,4)VHR=<CA-oAoAD/~REAP)OU2/64,4 
PP= 9l•75•VHPU(2••VHA/VHP)+VHR~(l,•(AREAP/AG/CQ)ooz> o 
IFCDA,LT,O,)PP=91,7~-VHP4•(10,34u(ABS(AU0DA/ARE~P/CA)••l8)U03+,1804t 4t 

13ulOe34+l.)*VHRo<1,•tAREAP/AG/CD)oo2) o 
PT: PP+VHP0(4.0QAUAU/.CA/AREAP•(2,•(AREAP/AD)UU2)*(AUUDA/AREAP/CA) 

1•u2)•VHGCu(AU/AD)uu2-13.5 • 
IFCJFIRST.Gl,4)PT: PP+VHPU(4,oOAoAD/CA/AREAP•(2.•(AREAP/AO)OU2) 

l*<ADUDA/AREAP/CA)uo2)•VHGC~l3,5 O 
PVAPOR= ,35•2,~0769UPAT~ 
lF(PT,GT,PVAPOR)GO TO 400 
PT= PVAPOR 
PP: PT•VHPD(4.~DAUAU/CA/AREAP•<2,-(AREAP/AD)*U2)~(AU~DA/AR~AP/CA) 

1~*2>+VHGCo<AU/AD)~02tl3.5 ~ 
IF(JFIRST.Gt,4)PP: Pl-VHP~(4,~DAnAD/CA/A~EAP•(2e•(AREAP/AD)~~2) 

l~<AD~DA/AREAP/CA)~~2l+VHGC+l3,5 ~ 
JFIRST= 100 

400 P3CJ): PT 
FUNCTl= 32,2/PL~(PP•VHP•<TL0SS•l,+FP~PL/13,5)+313,2Sl ~ 
RETURN 
END 
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FUNCTION FUNCT2(A8,BB,CB,DB,EB> 
REAL MACHA,MACHGA 

FUNCTION FUNCT2 

COMMON CD,DELTVX,DELtVV,ABSPGC,PATM,PGC,WSREF,~COL,WS,QR,QP, 
1PP,P3(50),J 
2,PL,FP,TLOSS,AU,AD,AAEAP,AG,EK 
3,GCR,PGO,JFIRST, 
4WTFLA(50),MACHA(50>,MACHGA(50) 
5,AVOL,PIN.C 
6•T(50),JCK 
7,ENRTAP<5o) 

PT= P3(J) 
VHP= CB*D2/(·4.4 
VHGC: 0Bo••2/641 ~ 
VHR= (C~•nB*AU/AREAP)D*2lb4e4 
IF(JFIRST.GEa4)VHR= tCB-DBoAD/AREAP)oo2164,4 

I/ I 

pp: 91•7S-V~P012e•VHA/VHP)•VHR*(le•(AREAP/AG/CO)Do2) D 

IF<DB.LT,0 1 )PP=91,75~VHPD(1Y.34 .. (ABSCAUD0B/AREAP/CB)~,18)D*3+,l~** * 
13ol~•34+1.)•VHRD(la•tARFAP/AGtCD)oo2) * 

PT= PP+VHP0(4.oDB0AujCB1AREAP•(2,-(AREAP/AD)**2)*(AU*DS/AR~AP/CB) 
1**2)•VHGCo(AU/AD)oo2~13.5 t 

IF(JFIRST.GE,4)PT: PP+VHPDC4,oDBoAD/CB/AREAP•(2.•(AREAP/ADJ**2) 
l*<AD•DB/AREAP/CB)oo21•VHGC~l3a5 * 

PVAPOR= 1 35•2.30769tPATM 
IF(PTaGT,PVAPOR)GQ TO 400 
PT= PVA~OR . 
pp: PT•VHP0(4.*DB0Au1CB/AREAP•(2a•(AREAP/AD>**2)*(AU .. DS/AR~AP/CB) 

1**2)+VHGCo(AU/AD)oD2tl3.5 * 
1F(JFIRST.GE,4)PP~ PT•VHPoC4,•DB*AD/C8/A~EAP•(2,•(AREAP/ADJ**2) 

l*(AD•DB1AREAP1CB)oo2)+VHGC~l3,5 D 
JFIRST= 100 

400 P3(J): PT 
IF(D8,LT,o,>Go TO 600 
IFCJFIRST.GE,4)GO TC 500 
FuNCT2= 32,e/(HCOL•B8•26,2S*AU/AD}O(PGC-2,30769*PATM•PT+HCOL •• 

l•BB+26•25-V~GCO((AU/AD)oo2•l,+EK*(AU/AD)D02)> * 
RETURN 

500 FuNCT2= 3212~AD/AU/(26.25+HCOL•BB)o(PGC•2.307690PATM+26e25+HCOL D 
l•BB•VHGC~CHCOL+26,25•6B>*FP/2o34C>(AU/AD)0*2•PT) o 

RETURN 
600 FUNCT2= 3212/(HCOL•Bl+(AU/AD)o26,25)o(PGC•2a307690PATM•PT+HCOL D 

l•BB+26,25•VHGC*<•SU(AU/A0)0°2•11)) * 
RETURN 
END 
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SUBROUTINE DEl(X•VX,~,DELT,L) 
REAL MACHA,MACHGA 

SUBROUTINE DEi 1/.1 

DIMENSION XC50),VXCSQ),RXC5),RVX(5),RT(5),RFC5),F(5),U(50) 
COMMON CD,DfLTVX,bEL?VY,ABSPGC,PATM,PGC,WSREf,HCOL,WS,QR,QP, 

lPP,P3(50),NliT 
2,PL,FP,TLOSS,AU,AD,AREAP,AG,EK 
3,GCR,PGO,JFIRST, 
4WTFLA(SO>,M~CHA(5o>,MACHGAt50) 
5,AVOL,PIN,C 
6,T(50),JCK 
7,ENRTAPl5o) 

N: NUT-1 
RX(l): X(N) 
RvXCl>= Vx(N) 
RT(l): T(N) 
H= DELT/5. 
RF(l)= FUNCT3(RX<l>•RVX<l>,RTCl)) 
DO 100 K=l,4 
AKl= FUNCT3CRX<K>,RVM(K>,R'(l())OH 
Al= RX(K)+RVX(K)OH/2,+AKlOH/8, 
Bl= RVX<K>+AKl/2, 
Cl= RT<K>+H/2e 
AK2= FUNCT3(Al,Bl,Cl)OH 
B2= RVX<K>+AK212. 
AK3= FUNCT3(Al.B2,CllOH 
A3: RX(K)+RVXCK)OH+Al30H/2, 
B3= RVX(K)+AK3 
C3= RT<K>+H 
AK4= FUNCT3(A3,B3,C3lOH 
DELTX= H~CRVX(K)+(AKl+AK2+AK3)/6e) 
DELTVX= (AKl+2,oAK2+2.oAK3~AK4)/6, 
RX(K+l>= RX<K)+DELTX 
RVX(K+l>= RVXCK)+DELJVX 
RTCK+l>= RT(K)+H 

100 RFCK+l>= FUNCT3(RX<K•l>,RVK(K+ll,RT(K+l)) 
CALL DELTD(RVX,DELF,BEL~F,DEL3F,DEL4F) 
RX(2): RXcl)+HO(RVX(l)+DELF/2,•DEL2F/12.•DEL3F/24,•DE~4f/40,> 
CALL DELTD(RF,DELF,DfL2F,DEL3F,DEL4F) 
RVX(2)= RVXCl)+HO(Rffl)+DELF/2,•DEL2F/12,+DEL3F/24,•DEL4F/40,) 
Do 10 J:1,3 
RF(J+l>= FUNCT3(RX(J+l),RVX(J+l),RTCJ+l)) 
RVX(J+2): (RF(J+2)+4,0RF(J~l)+RFCJ))OH/3,+RVX(J) 

10 RX(J+2>= cRVX(J+i)+4,0RvX(J+l)+RVX(J))OH/3,+RX(J) 
WRITE(3~2o) (RT<I> ,RXtl> ,RVX<I> ,I=l,5) 

20 FORMATCF5.l,El0.3,F9,4) 
RF(5): FUNCT3(RX(5)•~VX<S),RT(5)) 
VX(N+l): RVX(4)+H0(2,0RF(S)+(RF(3)•2,0RF(2)+RF(l))/3,+ 

lRF(5)•3,0RF(4)+3.oRF{3)-RFt2)) 
X(N+l): RXC4)+H0(2,0RVXC5)•(RVX(3)•2,0RVXC2)+RVX(l))/3,+ 

1RVX(5)•3,QRVX(4)+3,oavxc3)•RVX(2)) 
T(N+l): TCN)+DELT 
F: FUNCT3(X(N+l),VXCN+l>,T(N+l)) 
RETURN 
END 
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FUNCTION FUNCT3(AC,6~,DC) 
REAL MACHA,MACHGA 

FUNCTION FUNCT3 

COMMON CD,DELTVX,DEL7VY,AB9PGC,PATM,PGC,WSREF,HCOL,WS,QR,QP, 
1PP,P3(50) ,J 
2,PL,FP,TLnSS,AU,AD,~eEAP,AG,EK 
3,GCR,PGO,JFIRST, 
4WTFLA(50),MACHA(50),~ACHGA150) 
5,AVOL,PIN,C 
6,T(50),JCK 
7,ENRTAPl5n) 

JN= J•l 
PGO= 100,•GCRODC 
IF(PGQ.LE.Oe)GO TO 180 

I/ I 

CD= (le049E•04)+<7,0&2E-03l 0 PG0•(5,830E•05)0PG0• 0 2+(2,398E•06) * 
lOpGQ003•(3 1 578E•08)opGQo04•(1,987E•lO)OpGQ~05 * 

GO TO 101 
100 PGO= o. 

co= o, 
101 QRTST: AGOCDOSQRT(64,40(9l.75+PGC•2,30769*PATM)) * 

GATEZ= 7073,25+13,50PG011uo. * 
IF(WS,GT,GATEZ)QRTST• AGOC00SQRTC64•4*(91,75•PP+PGC•2•30769*PATM)l t 
OT= CDC•T<JN)) 
IF(DT,LE,o,)GO TO l 
OQRDT= CQR•0RTST)/0T 
ws= 7081,8•(ACOAREAP.(2.*QRTST•DQRDTODT)JDT/2.)/496.t * 
IF<WS.GE,7Q87.6)WS= t06718 * 
IFCWS.LE,7073,25)WS: 7073.25•CACttAREAP•(2.oQRTST•DQROT~DT)*DT/2, * 

1•7229,9)/143,14 * 
1 VHP= ecoo2/t4•4 

IFCWS.LE,7073.25)PL: 1~14°WS•7652,08 o 
ows= 313,25 o 
IFCWS,LE,7073.25)0WS~ ws~6760, o 
PP= 2.307690CABSPGC•PATM) 
IFCJFIRST.EQ,7,AND,DJ.LE,Cl,E•38))PPFRST= VHPO(TLOSS~l,+fP*PL/ 

ll3,5)•DWS•ENRTAPCJN) u 
IFCWS,GE,7073.25)PP: CWS•7~73,2S>*PPFRSTl14.55+2,30769*(ABSPGC• * 

lPATM) 
FuNCT3: 32,2/PL*tPP•~HPo(T~OSS•l,+FPOPL/l3•5>+DWS) • 
WRITEC3,2>WS,OQRDT,C~,FUNCT3,QRTST,DT 

2 FORMATC2F8,2,f6.~,2Ell,4,F8,4) 
RETURN 
END 

22 · 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



SUBROUTINE AMACH I /4 

SUBROUTINE AMACH<CINC,MtNC,fRICT,AVENT,DELT,PGeINC,WTAIR,CON~T, 
lCKA) 

REAL MlR,MlI,MACHIN,MACHGC,MACH,MINC,MACSAV 
REAL MACHA,MACHGA 
COMMON CD,0£tTVX,DELJVY,ABSPGC,PATM,PGC,WSREf,~COL,WS,QR,QP, 

1PP,P3(50),J 
2,PL,FP,TLnSS,AU,AD,AREAP,AG,EK 
3,GCR~PGO,JFIRST, 
4WTFLA(50),MACHA(50),MACHGAt50) 
5,AVOL,PIN,C 
6,T<~O),JCK 
7,ENRTAP'5o) 

EQ(MACH>= (1,-MACH••2)/tl,4•MACH••2>+,8570A(OG((l,2~MACH••z)/ 
l(1,+.20MACH~02)) 

JN= J•l 
MACHIN= MACHA(J•l) 
MACHGC= MACHGA(j•l) 
IF<MACHlN.LE~(l.E•30,>MACHlN=,0001 
MlI =2, 4tMACH IN 
JCK= 1 
DMll= MACHIN/10• 

C 
C COMPUTATION OF AIR VOLUME !N GATE CHAMBER AND PENSTOtK 
C 

RC= l,/(l.2)*03.5 
AVOL= 1064647.•AUows * 
AVOLU= 1064647,•AU•7113. * 
IF(WS,LE,7113,) AVOL~ AVOLU+(7113,•WS)0AD * 
IF<WS,LE,7087,8) AVOu= AVOLU+25,2oA0+(7087e8•WS)*496,9 ~ 
IF(WS,LE,7073,25) AVOL= AVOLU+25,2*AD+7230,+(7073,25~WS)OAREAP * 

C 
C COMPUTATION OF THE P•EssuRE RATlC,THE COMPRESSlbLE DISCHARGE 
C COEFFICIENT, THE REAu MACH NUMBER AT l,AND THE AIR f~OW RATE 
C GIVEN THE ItEAL MACH NUMBER AT THE BEGINNING QF THE DUCT RtGION 
C 

NLUP= 1 
PGCSAV= A8S.PGC 
DO 60 NDO:l,100 
R: le/(1,+ 1 20M11Do2)0D3.5 
IF(<RIRCJ,LE,1,>Go TO 21 
C: l.•.5*(l,••28D(l,iR•li)/(le/RC•l,J) 
GO TO 22 

21 C: l,•,5•<,72•,32o(l,•(R/RC)oo2t> 
22 RADICL= l,+.eoC**2•CHlI002+,20Mll**4) 

ROOT= SQRT(RADICL) 
MlR= S~RTtC•l,+ROOT>1•4> 
MACHIN= MlR 
ENT= (CoM1I/MlR)oo7, 
IF<MlleLE.O,OOl)ENT= l• 
PIN= ENT•PATM 
WTFLA(J): 5e925DAVENtDPATM•ENT•MlR/(1,+,2•MlRD~2)0~3 

1C 
'C COMPUTATION OF MACH NO• AT OUTLET OF AIR DUCT 
, C 

216 IFCMACHIN ,GT.,0005> GO TO 1116 
MACHGC: MACHIN 
GO TO 97 

23 
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C 
C 
C 

1116 EQRH= EQ(MACHIN) 
EQLH= EQCMACHGC) 
CK= EQRH • EQLH • tRICT 
IFCCK) ~03,97,401 

401 MACHGC = MACHGC • ,01 
IF (MACHGC) 404,404•405 

403 MACHGC = MACHGC + ,Oi 
IFCMACHGC • l,)405,2aY,280 

404 MACHGC: CMACHGC + ,01) I 2, 
405 EQLH= EQCMACHGC> 

406 
407 
408 

409 

411 
410 

96 

CKM = EQRH • EQLH • PRICT 
DO 96 K=l,100 
IF cc~, 4o7,97•406 
IFCCKM) 55,97,409 
IFCCKM) 408,97,55 
MACHGC = MACHGC + ,Oi 
IFCMACHGC • 1,)410,28~,280 
MACHGC = MACHGC • ,Ol 
IF CMACHGC) 4ll,411'tl0 
MACHGC: tMACHGC + ,01) I 2, 
EQLH= EQ(MACHGC> 
CK = CKM. 
CKM = EQRH • EQLH • ~RICT 
CONTINUE 

SUBROUTINE AMACH 2/4 

55 

COMPUTATION OF MACH OUT BY NEWTONS METHOD 

CK= CKM 

105 

106 

155 

IFCCK) 106197,105 
MACHGC: MACHGC • ,Ol 
EQLH= EQCMACHGC) 
CK= EQRH • EQLH • tRICT 
DO 95 KK: 1,100 
IF(ABSCCK1EQRH> •LE, MINC) GO TO 97 
DCKOM = Cl,• MACHGC~~2> / C,7~MACHGC~~3 + ,14*MACHGC**5) 
MACHGC = MACHGC • CK~DCKDM 
IFCMACHGC.LE,O,>GO TO 203 
IFCMACHGC,GT,1,>GO TO 280 
EQLH= EQCMACHGC) 
CK= EQRH • EQLH • FIICT 

95 CONTINUE 
GO TO 97 

C 
C CQMPUTATinN OF AIR F~OW RATE WITH MACH 1 AT DUCT OUTLET 
C 

280 MACHGC= 1, 
MACHIN= 01 
DO 296 N=1'100 
MACHIN= MACHIN+ ,as 
EQRH= EQCMACHIN) 
IF(EQRH•FRICT)262,87i296 

262 MAC~IN =MACHIN• ,OS 
JFCMACHIN.LE,O,)GO TO 203 
EQRH= EQCMACHIN> 
DO 295 MM:1,100 
IFCABSCEQRH•FRICT>,Le,MtNC)GO TO 67 
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SUBROUTINE AMACH 3/4 

81 DEQDM =Cl,• MACH!N002) / C,lo~ACHIN003 + .l~oMACffI~*~t) 
MACHIN~ MACHIN• (EQRH • FRICT)/DEQDMOC•la) 
EQRH= EQCMACHIN) 

295 CONTINUE . 
296 CONTINUE 

81 MlI= MACHrN+,3 
MACSAV= MACHIN 
DO 2 MOON:1,50 
R: l•/Cl1+12DM1I*02)D03.5 
IFCCR/RC>.LEil,)GO TO 11 
C= l,•.50(l.•,28*tl,iR•l,>JCl,/RC•l,>> 
Go TO 12 

11 C= 1, •• so1.12-,320(l.-(R/RC)002)) 
12 RADICL= l.•,80Coo2•CMlI012•120MlI••4> 

ROOT= SQRTCRADICL) 
MlR= SQRT((•l,+ROOT)/•4> 
ENT= CC*MlI/MlR)oo7, 
PIN= ENT•PATM 
WTFLA(J)= 5.92soAvENTUPATM•ENTOMlR/(1,+~20M1R••2>••3 
IFCABSCMlR•MAC~AV>,L!,MINClGO TO 97 
MlI= MlI-MINC/2• 
IFCMlR,LE.MACSAV)MlivMlI•MlNC 

2 CONTINUE 
C 
C ADIABATIC EXPANSION OF AIR IN THE GATE CHAMBER GIVES THt GATE 
C CHAMBER PRESSURE PGCtST 
C 

C 

97 PGCTST= CCONST~C2,•WJAIR+CWTFLACJN)+WTFLACJ))OQELT>••l,4)/ 
lC2,oAVOLH••l,4 

IF(JCK.EQ,3>PGCTST= CONSt*tCWTAIR+WTFLACJ>•DELT)IAVOL)oo1,~ 

C COMPUTATION OF PRESS~RE AT END OF DUCT FLOW SECTION 
C 

C 

C 
C 
C 

146 PGCTRL= PINOMACHIN/MACHGC09QRTC(Cl~+,2•MACHiC)/ 
1Cl,+,2•MACHIN))006) 

WRITEC3,l>R,C,MlR,Mll,ENT,WTFLACJ),MACHIN,MACHGC 
WRITEC3,4>PGCTST,PGCJRL,PIN,WTAIR,WTFLACJN),AVJL,C0NST 

1 FORMATC6F9:i4> 
4 FoRMAT(JF9 0 4,El0,3,F9.4,El0a3,F9,4) 

CKA = PGCTRL • PGCTSJ 
ABSPGC = <PGCTRL + PGCTSt) / 2, 
PGC = 1,153645 • CPGCTPL + PGCTST) 
IFCABS(PGCTRL-PGCTSTl,LE 1 PGCINC)GO TO 281 
lFCNDO,EQal)GO TO 50 
lFCNLUP,EQo2)GO TO 50 
DMll: CKAoD~lI/CCKA~4V•CKAl 

50 lF(NDO,EQ.l.AND.CKA,uE.o,)BMlI= <-l,)•Mll/2, 
Ml!= Mll+nMlI 
1FCM11,LE.Cl,E•30))GQ To 2~3 
NLUP= 1 
CKASAV= CKA 
GO TO 60 

COMPUTATION WITH NEGATIVE MACH NUMBERS AT ENTR~NCE o, DUCT SECTION 

203 JCK= 3 25 

• 
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RNLUP= NLUP 
MlI= MINC/RNLUP 
NLUP= NLUP+l 
DMlI= MlI 

60 CONTINUE 
281 MACHA(J): MlR 

MACHGA<J): MACHGC 
RETURN 
END 

SUBROUTINE AMACH 4/4 
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PR.OGRAM OUTPUT 



COMPUTATION OF AIR FLOW INTO THE GATE CHAMBER DURING AN 
EMERGENCY GATE CLOSURE IN THE PENSTOCK• 

INTAKE STRIICTURE 
M0RR0w POINT DAM 

ATMOSPHERIC PRESS~RE SPECIFIC WEIGHT OF AIR 
11.26 PSI .0596 LB/CU.FT, 

2FT-9I~. BY 3FT RECTANGULAR AIR DUCT 

TIME Q Q Q ws GATE INLET OUTLET 
GATE RES PENSTOCK ELEV CHAMBER AIR VEL AIR VE.L 

CHAMBER PRESS 
(SEC> <CFS> <CFS> < Cf S > (PSIAl (FT/SEC> (F'T/SEC) 

.o .o 2544.4 2544,4 7162,65 11-260 .o .o 
1.0 3.5 2540.5 2543,9 7162.64 11.260 .3 .3 
2,0 12.9 2530.2 2543,2 7162.59 11.262 1.6 l. 6 
3.0 26.0 2516.2 2542,3 7162.46 11.260 2.4 3,0 
4.0 39.4 2501.9 254~,3 7162.23 11,260 3.2 4,8 
s.o 50.1 2490,3 2540,4 7161.93 11.259 5.5 6,0 
6,0 56.3 2483.2 2539,5 7161.57 11.259 6.9 6,9 
1.0 57,3 2481.3 2536,7 7lbl.19 11,259 5.9 6,8 
a.o 54.? 2483,7 2537,9 7160.81 11.259 5.9 6.6 
9.0 4~.5 2488.6 2537.l 7160,46 11.259 4.4 5.7 

10.0 42,4 2493,8 2536,' 7160,16 11,260 l.9 5,2 
11.0 37.A 2497.6 2535,3 7159.89 11.260 4. '+ 4.4 
12.0 35,H 2498.6 2534,4 7159,6'+ 11-260 4.4 4,4 
13.0 37.0 2496,3 2533,3 7159.40 11,260 3.6 4,3 
14.0 40,9 2491.3 2532.2 7159.14 11.259 4.7 s.o 
15.0 4b,7 24~4.3 2531,0 7158,84 11.259 5.1 5.5 
16,.0 53 • 1 2476.7 2~29,8 7158,51 11.259 5.1 6,5 
17.0 59,l 2469,4 2528,5 7158.13 11.259 7.1 7.0 
1e.o 64,0 2463.2 2527,2 7157,72 11.259 1. '+ 7,8 
19,0 67.7 2458,1 252~,8 7157.27 11.259 7.1 e.o 
20.0 70,4 2453,9 2s24,3 ·7156.81 11,258 7.8 8.5 
21.0 12.1 2450.0 2s2t:'..7 7156,33 11.259 7,4 8,6 
22.0 75.2 244!:1,9 2521,l 7155.83 11.258 8.6 9.1 
23.0 78.3 2441,0 2519,3 7155.31 11,258 8,6 9.3 
24.0 82,r; 2434,9 2!'>17, ::! 7154.77 11,258 9.1 9.9 
25.0 a1.a 2427., 2515.4 7154.20 11,258 9.5 10,5 
26.0 94,2 2418,9 2513,2 7153.59 11,256 11.7 11 ,3 
21.0 101.s 2409,3 2510,8 7152.93 11. 25E 12.2 12,2 
28.0 109,7 2398,6 2508,3 7152.22 11,255 13 • .3 13,1 
29.0 118.6 2387,0 2505,6 7151.45 11,255 14.4 14 1 2 
30.0 128.2 2374,4 2502,6 7150,62 11,254 15.0 15.4 
31.0 138,7 2360,7 2499,4 7149.72 11,253 16.2 16,6 
32.0 150. 1 234=?,e 249!::l,9 7148.75 11,252 17.5 18,0 
33.0 162.6 2329.5 2492,l 7147.70 11,25] 19,0 19,4 
34.0 176.3 2311.6 2487,9 7lt+6.56 11,249 20.5 21.1 
35.0 191.5 2291.9 2483,4 7145.32 11.247 22.3 ~2.9 
36.0 2oa.2 2270,3 247614 7143.98 11-245 24,2 24,9 
37,0 22f,-5 2246.5 2473.0 7lt+2,52 11.242 26.3 27.0 
38.0 246,7 2220.3 2467,0 7140.93 ll.23~ 28.7 29.5 
.39.0 268,9 2191,6 2460,5 7139,19 11,234 31,2 32.l 
40.0 293.2 2160.l 2453,3 7137.30 11.230 34.l 35.0 
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COMP11TATION OF AIR FLOw INTO THE GATE CHAMBER DURING AN 
EMERGENCY GATE CLOSURE IN THE PENS TOCK• 

INTAKE. STRUCTURE 
M0RR0w POINT DAM 

ATMOSPHERIC PRESSURE SPECIFIC WEIGHT OF AIR 
ll,26 PSI .0596 LB/CU.FT, 

2FT-9IN1 BY 3FT RECTANGULAR AIR DUCT 

I 
TIME:: PRESS PENSTOCK GATE COEFF INERTIAL TERMS 

AT 3 PRESS OPENING DTSCH, GATE PENSTOCK 
(StC) <FT) (FT) (0/0) 

.o 75190 89.40 100,0 ,9303 .0000 -,0000 
1.0 1;.10 89.17 98,~ .8924 -.1836 ,0720 
?. • 0 75151 88191 96,7 1857~ -.3220 ,0874 
.3~ 0 75132 88,62 95:0 18240 -.3717 ,0950 
,~. 0 75.12 88.32 93:3 ,7932 -.3374 ,0961 
s.o 74,91 88,03 91,7 ,764'+ -.2333 ,0931 
6,0 74168 87,75 90,0 ,7374 •,0960 ,0881 
7,0 74.43 87,49 88c3 17120 10335 ,0837 
810 74.15 87.24 86c7 ,6882 11268 ,0819 
q.o 73.65 &6198 85:0 ,6657 .1656 ,0833 

10.0 7~154 86.72 83:,3 ,6445 .1495 ,0879 
11.0 73.21 86,43 81 I 7 ,6l44 .0912 ,0948 
1210 72.89 86,11 80.o ,61153 .0101 ,1027 
1310 72.56 85,78 78:3 15870 -,0706 ,1105 
14.0 72,23 85,42 76,7 .~696 •11330 ,1175 
15,0 71.90 85,04 75,0 ,5529 -.1658 ,1234 
H,.O 71,55 84,65 73,3 .5368 -.1677 , 1286 
1710 71.19 84124 71:7 ,5212 -,1446 ,1337 
1e.o 70,80 83,81 70,0 ,5062 -.1121 ,1394 
19.0 70,38 83.37 68,3 ,4915 -.0820 ,1463 
20.0 69.93 82.90 66,7 ,4772 -.0624 ,1546 
21.0 6Q.45 82,40 65.0 14632 -,0598 , 1643 
22.0 68.93 Sl.87 63.3 ,4495 -.0704 ,1754 
23.0 68e39 81,30 61,7 ,436~ -.0936 .1676 
24.0 67.81 an.69 60,0 .4227 •11215 ,2009 
25.0 67.20 80,04 58:3 .4096 -.1497 ,2154 
26.0 66.54 79 • .34 56,7 .3966 -.1727 ,2313 
2.1.0 65.84 78,59 55,0 .3837 -.1947 ,2490 
2:e.o 65,09 77.78 53,3 .3,09 -.2126 ,2686 
29.0 64.28 76.90 51,7 ,3583 -.2293 ,2906 
30.0 63,40 75.95 50,0 ,3 4 57 -.2478 ,3151 
31.0 62.45 74.93 48,3 .3331 -.2669 ,3423 
32,0 61.41 73-81 46:7 ,3207 -.2889 ,3725 
33,0 60,28 72.59 45,0 ,3Q83 -.3141 ,4059 
34.0 59.05 71.27 43.3 ,2960 -,3422 ,4429 
35.0 57.71 69e83 41,7 .2837 -.3726 ,4839 
36110 56.25 68.25 40,0 ,271~ -.4049 ,5293 
37e0 54.65 66.53 38,3 .259'+ -.4394 ,5796 
36.0 52,90 64.64 36a7 12474 -,4753 16355 
39.0 50.97 62.58 35,0 ,2354 -.5134 ,6975 
40,0 48.87 60.32 33.3 ,2~35 -.5525 ,7664 

29 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



COMPUTATION OF AIR FLOW INTO THE GATE CHAMBER DURING AN 
EMERGENCY GATE CLOSURF IN THE PENSTOCK• 

INTAKE STRIICTURE 
MORROW POINT DAM 

ATMOSPHERIC. PRESS~RE SPECIFIC WEIGHT OF AIR 
11.26 PSI .0596 LB/CU.FT, 

2FT-9IN. BY 3FT RECTANGULAR AIR DUCT 

TIME MACH NO .MACH NO .SPECIFIC SPECIFIC IAIR FLOW ACCURACY 
AT AT WEIGHT VOLUME RATE OF PRESS 

INLET 01:HLET OF AIP OF AIR CALC. 
(SE'C) Lb/CU f"T Cu FT/LE LBM/SEC (PSI> 

.o .0000 ,0000 ,0596 16.78 ,00 .0000 
1.0 .0003 .0003 ,0596 16,76 .14 -,0000 
2.0 .0014 .0014 ,0596 16,78 ,79 ,0009 
3.0 .0021 .0021 ,0596 16,78 1,51 -.0001 
4.0 .0044 .0044 ,0596 16,78 2,40 -,0006 
5.0 .0054 .0054 ,0596 16.78 2,97 -.0001 
6.0 ,0062 ,0062 ,0596 16,78 3,42 ,0002 
7.0 .0062 .0062 ,0596 16,7~ 3,40 -,ooos 
~.o .0060 ,0060 ,0596 16,78 3,28 -,0003 
9.0 ,0052 ,0052 ,0596 16.7~ 2,86 -,0006 

10.0 .0047 ,0047 ,0596 l6.1e 2,56 -,0010 
11.0 .0040 .0040 ,0596 16,78 2,19 ,0008 
12.0 ,.0039 ,00.39 ,0596 16,78 2,17 •,0009 
1 3. 0 .0039 ,00.39 ,0596 16,78 2,14 -.0002 
14.0 .0045 .0045 ,0596 16,78 2,48 .0000 
15.0 ,0050 .ooso ,0596 16,7A 2,73 ,0001 
16.0 ,0058 .0058 ,0596 16.78 3,.22 ,0001 
17.0 .ou6.3 ,0063 ,0596 l6.7e. 3,47 .0002 
18.0 .0010 ,0070 ,0596 16,78 3,88 ,0007 
19,0 ,0073 ,0073 ,0596 lt>.78 3,99 -,0006 
20.0 .0011 ,0077 ,0596 16.78 4,24 ,0004 
21.0 .0078 ,0078 ,0596 l6.1a 4,30 -,0009 
22.0 ,0082 ,0082 ,0596 16.78 4,50 -,0002 
2~.o .0084 .00tS4 ,0596 16.78 4 I 64 -,0005 
24,0 ,0090 ,0090 ,0596 16.78 4,93 ,0006 
25.0 .0095 ,0095 .0596 16.78 5,21 ,0008 
26.0 .0102 .0102 ,0596 16.78 5,62 ,0008 
27.0 .0110 ,0110 ,0596 16.78 6,04 ,0004 
28.0 • 0119 ,0119 ,0596 lb,78 6,53 ,0007 
29.D .0128 .0128 ,0596 16,78 7,05 ,ooc,9 
30.0 ,0139 ,0139 ,0596 16.78 7,64 ,0001 
31.0 .0150 ,0150 ,0596 16.79 8i:23 .0001 
32.0 ,0163 ,0163 10596 16.79 8,94 .0002 
33,0 .0175 ,0176 ,0596 16.79 9,65 ,0002 
34,0 ,0191 ,0191 ,0596 16, 7':J 10,49 ,0003 
35.0 .0201 .0201 ,0596 16, 71? 11 l!I 36 ,0004 
36,0 .n225 ,0225 ,0595 16,79 12,37 -,0003 
37,0 ,02'+4 .0244 ,0595 16,80 13,42 -,0003 
38.0 .0266 .0267 ,0595 16.80 14,64 -,0003 
3q.o .0290 ,0290 .0595 16.81 15,91 -,0003 
40.0 .0316 ,0317 ,0595 16.81 17,36 -,0004 
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COMPUTATION OF AIR FLOW INTO THE GATE CHAMBER DURING AN 
EMERGENCY GATE CLOSURE IN THE PENS TOCK• 

INTAKE STRUCTURE 
MORROW POINT DAM 

ATMOSPHERIC PRESSURE SPECIFIC WEIGHT Or AIR 
11.26 PSI ,0596 LB/CU.F'T, 

2F'T-9IN. BY 3F'T RECTANGULAR AIR DUCT 

TIME Q Q Q WS GATE INLET OUTLET 
GATE RES PENSTOO ELEV CHAMBER ~IR VEL AIR VEL 

CHAMBER PRESS 
<SEC> <CF'S> <CFS> <CFS) (PSIA> <FT/SEC> (FTASEC> 

40.0 293.2 2160.l 2453,3 7137.30 11.230 34.1 35.0 
41.0 320.0 2125.4 2445,4 7135.24 11.224 31.2 38,2 
42.0 349.3 2087.4 2436,7 7132.99 11.217 40.6 41,7 
43.0 381.6 2045.6 2427,l 7130.53 11.209 44.3 45,4 
44.0 416.9 1999.6 2416.S 7127.85 11.199 48,3 49,6 
45.0 455.7 1949.l 2404,6 7124,91 11.187 52,7 54,2 
46.0 498.4 1893,4 2391,8 7121.71 11.174 57,6 59,l 
47.0 545.3 1832,l 2377,3 7116,20 11.157 62.8 64.6 
48.0 596,9 1764,3 2361,3 7114.36 11.138 68.6 70,5 
48.3 614.5 1741.2 2355,7 7113.00 11.130 70,6 72,6 
49.0 628,2 1713.2 234~.3 7104.08 11.119 73.6 75,7 
so.o 610.l 1695,6 2305,8 7090.80 11.125 72.l 74,1 
50.2 605.4 1690,9 2296,4 7067.79 11.121 73.l 75,2 
51.0 .o 1603,l 2280,7 7086.67 11,068 86.l 88,8 
52.0 .o 143'+,8 2272,2 7082.46 10.006 232.l r.49,S 
53.0 .a 1299.l 2252,6 7077.63 9.695 263.6 287,8 
54.0 .o 1167,3 2237,2 7071.39 9.565 276,3 303.6 
55,0 .a 979,0 2198,4 7054.59 9.533 279.~ 307.4 
56.0 .o 788,7 2136, 9 7038.35 9.561 276.6 304,0 
57.0 .o 596,6 2073,9 7022.53 9,604 272.5 298.8 
58.o .o 402.0 2010,3 7007.10 9e654 267.6 292,7 
59.0 .o 204.0 194~,7 6992.05 9.707 262.4 286.4 
60.0 .o .o 1879,9 6977.37 9.760 257.2 280,0 
61.0 .n .o 1818,l 6965.17 9. 92l 240 -~ 259.5 
62,0 .o .o 1762,9 6952.66 10.021 230.5 248,0 
63.0 .o .o 1706,9 6940.54 10.101 222.0 238.0 
64.0 .o .a 1650.,8 6928,81 10.11~ 214,2 228,9 
65.0 .n .o 1594,7 6917.47 10,240 206.e 220,4 
66.0 .o .o 1538,~ 6906.53 10.302 199,8 2l2e4 
b7.0 .o .o 1482,3 6895.97 10,361 192. ~ 204,6 
68.0 .a .a 1426,0 6~85.81 10,'+H 186,2 197,0 
69.0 .o .o 1369,7 6876.05 10.473 179.5 189.5 
10.0 .o .o 1313.5 6666.67 10.52i 112.e 182.0 
11.0 .o .o 1257,2 6857.69 10,57~ 166,2 174,6 
72.0 .o .o 1200,9 6849.10 10-630 159.5 167.3 
73.0 .o .o 1144,7 6840.91 10,67? 152.7 159,9 
74.0 .o .o 1088,4 6833.11 10.727 145.9 152.5 
75.0 .a .o 1032,2 6825.70 10,77~ 139.l 145.1 
76.0 .o .a 976,0 6818.68 10,81'3 132.~ 137,8 
77.0 .o .o 919,7 6~12.06 10•862 125.~ 130.3 
78.0 .o .o 863.S 6805.83 10-906 118.0 123,1 
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COMPUTATION OF AIR FLOw INTO THE GATE CHAMBER DURI~G AN 
EMERGENCY GATE CLOSURE IN THE PENSTOCK-

INTAKE STRUCTURE 
M0RR0w POINT DAM 

ATMOSPHERIC PRESSURE 
11,26 PSI 

SPECIFIC WEIGHT OF AIR 
.0596 LB/CU.FT, 

2FT-9IN. BY 3FT RECTANGULA~ AIR DUCT 

TIME PRESS PEr:!STOCK GATE COEFF I NE R T I A LI T E'R M s 
AT 3 PRESS OPENING DISCH, GATE PENSTOCK 

<SEC> (FT) (FT> (0/0) 

40,0 48.87 60,32 33.3 ,2~35 -.5525 ,7664 
41,0 46,55 57,83 31.7 .2118 -.5936 ,8429 
42,0 44,00 55.10 30,0 ,2001 -.6353 ,9278 
43,0 41,19 52,ll 28, .3 ,168:, -.6780 l,0219 
44.0 38,10 48.81 26,7 ,1770 -,7201 1,1260 
45,0 34.68 lt5,l7 25,0 ,1656 -,7609 l,2405 
46,0 30,91 41,17 23,3 .154'+ -,7973 1,3645 
47,0 26.74 36,76 21,7 ,1432 -.6248 l,4949 
4S,0 22,13 !1,90 2cf, 0 ,1321 -,8320 l,6224 
48,3 20,41 :ao.10 19,4 ,1~84 -,9085 1,7772 
49,0 15,30 24,93 18,3 .1211 ,1898 2,7469 
50,0 3.75 13,55 16 ,.7 .1102 ,3230 3,8500 
50.2 ,66 10,50 H,,3 ,1077 -,0005 4,2180 
51,0 •,44 9,29 15,0 ,0993 .0000 ,9550 
52,0 •2,89 3,84 13,3 ,0885 .0000 3,9810 
53.0 -3,61 --36 11, 7 ,0777 ,0000 2,6420 
54,0 -3.91 -3,91 10,0 .0670 ,0000 3,5680 
55,0 -3.98 -3,96 8"' 3 ,0561 ,0000 10,2240 
56,0 -3,.92 ... 3 • 92 6,7 ,0452 .0000 9,8138 
57,0 -3.82 -3,82 5c0 ,0342 .0000 9,0286 
5~.o -3.71 •3,71 3,3 ,0231 .0000 8, 1156 
59.0 -3,.58 ~3.58 1,7 .0117 .0000 7,0497 
60.0 -3,46 .. 3.46 ,0 ,0000 .0000 5,8111 
61,0 -3,07 •3,07 .o ,0000 .0000 3,8494 
62.0 -2.86 -2.86 ,o ,0000 .0000 3,8823 
63.0 -2.67 -2.67 ,o .0000 .0000 3,7688 
64,0 -2.51 -2,51 ,O ,0000 .0000 3,6463 
65,0 -2,35 -2.35 =o .0000 ,0000 3,5217 
66,0 -2.21 -2.21 ,o ,0000 .0000 3,3970 
67,0 •2,07 -2.01 ,O ,0000 .0000 3,2735 
6~.o -1.94 .. 1,94 .o .0000 .0000 3,1532 
69,0 -1,82 -1.82 ,o .0000 ,0000 3,0363 
10.0 -1.69 •l,69 ,0 !10000 .0000 2,9231 
11.0 -1.57 .. 1.57 ,o .0000 .0000 2,8145 
72,0 -1.45 -l,45 ,0 .0000 .0000 2,7104 
73.0 -1,34 .. 1,34 ,0 .. 0000 .0000 2,6105 
74,0 -1.23 .,l,23 ,o .0000 .0000 2,5157 
75,0 -1.12 .. 1,12 .o .0000 .0000 2,4259 
76,0 -1.02 -1.02 ,O .0000 .0000 2,3433 
77,,0 •,92 --92 ,o .0000 ,0000 2,2594 
78,0 •• 82 --82 .o ,0000 ,0000 2,1794 
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COMPUTATION OF AIR FLOW INTO THE GATE CHAMBER DURING AN 
EMERGENCY GATE CLOSURE IN THE PENS TOCK• 

INTAKE STRUCTURE 
MORROW POINT DAM 

ATMOSPHERIC PRESSURE SPECIFIC WEIGHT OF AIR 
11.26 PSI .0596 LB/CU.FT, 

2FT-9IN. BY 3fT PECTANGULAR AIR DUCT 

TIME MACH NO .MACH NO .SPECIFIC SPECIFIC AIR FLOW lACCURACY 
AT AT viE I GHT VOLUME ~ATE K:lF PRESS 

INLET OUTLET Of AIP OF' AIR CALC. 
(SEC> LB/CU F'T tu FT/LB LBM/SEC (PSI) 

40.0 .0316 .0317 .0595 16.81 17,36 -,0004 
41.0 .0344 .0345 ,0595 16.82 18,90 -,0004 
42.0 .0376 .0376 ,0594 16,82 20,62 •,0004 
43~0 .0410 ,0411 ,0594 16.83 22,47 -,0004 
44.0 .o44S ,0448 ,0594 16,84 24,52 -,0004 
45e0 ,0489 .0489 ,0593 16.86 26,73 -,0004 
46.0 ,0534 ,0535 ,0593 16,87 29,15 -,0004 
47.0 .osa3 ,0584 ,0592 16.89 31.78 -,0004 
48.0 ,0636 ,0638 ,0591 16,91 34,65 -,0004 
48,3 ,0655 .0657 ,0591 16,92 35,65 -,0002 
49.0 .0683 .0685 ,0591 16.93 37,13 -,0002 
50110 .0669 .0671 ,0591 16.92 36,37 -,0002 
so.2 ,0679 .0681 ,0591 16.93 36,90 ,0004 
5 1 0 0 .oaoo .0803 ,0589 16,99 43,29 ,0004 
s2.o ,2215 .2294 ,0~48 18,25 108,48 -,0000 
53,0 ,2532 ,2655 ,0536 18,67 120,26 .0001 
54.0 ,2660 ,2806 ,0530 16,85 124,73 -,0002 
5i;.o ,2691 .,842 .0529 18.90 125,78 -,0000 
56,0 .2664 .2810 ,0530 18,86 124,85 .0001 
57.0 ,2622 ,2760 ,0532 is.ea 123,40 -,0003 
se,o .?572 .2102 ,0534 18,73 121,68 ,0001 
59.0 .,520 ,2641 ,053~ 18,65 119,83 .0001 
60=0 .2467 ,2580 ,os3e 18.58 117,95 -.0004 
6L,0 .2296 .2385 ,0545 18,36 111. 60 ,0001 
b2,,0 .2199 ,2277 ,0548 18,24 l07c87 .0001 
63.,0 .,114 .2182 ,oi;s2 18.13 104:51 -,0000 
64.0 ,2036 ,2097 ,0554 18.04 101,37 ,0001 
65,0 .1964 ,2017 ,0557 17,96 98:38 .0002 
66e0 ,1894 ,1942 ,0.,59 17.88 95o46 ,0001 
67,0 ,1827 ,1869 ,0562 11.a1 92;58 ,0002 
6,.o .1760 ,1796 ,0564 17,74 89 0 71 .0003 
69.0 ,1695 .1729 ,0566 17.67 86,82 ,0002 
70,0 ,1630 , 1660 ,0~66 17,61 83,91 ,0003 
71. IJ ,1565 ,1591 ,0570 17,54 80,96 ,0004 
72.0 ,1500 ,1523 ,or;72 17.48 77.97 ,0004 
73,0 ,1435 .1455 ,0574 17.43 74,93 ,0006 
74,0 ,1369 ,1387 ,0576 17.37 71,83 ,0007 
75.0 ,1304 .1319 ,0577 17,32 68,69 ,0008 
76,0 ,1239 ,1251 .0~79 17,26 65,52 -,0009 
77,.0 .il 72 ,1183 ,0581 17.21 62,2q -,0010 
78,.0 ,1108 .1117 ,058.3 17.17 59,07 ,0005 
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LIST OF SYMBOLS FOR PROGRAM TO COMPUTE FLOW CONDITIONS 
IN INLET REGION OF AIR VENT 

AREA - Area of Air vent (in2 ) 

CINC - Incompressible discharge coefficient 
CCOM - Compressible discharge coefficient 
LVEL - Velocity coefficient 
EKPENT - Ratio of stagnation pressures 

GASCON - Engineering gas constant for air c: 1!~) 
JI 

GRAV - Gravitational constant (ft/sec2 ) 

K - Isentropic flow constant 
MACH21 - Ideal Mach number at end of inlet region 
MACH2R - Real Mach number at end of inlet region 
MACHSQ - Dummy variable 
R - Pressure ratio between atmosphere and end of inlet 

section 
RCRIT - Reciprocal of critical pressure ratio 
RC - Dummy variable 
RR - Reciprocal of R 
T - Temperature ( 0 Rankine) 
WTFLO - Mass flow rate of air (lb11/sec) 

COMPUTER REQUIRED 

The program was written in FORTRAN II language for use in a GE time­
sharing computer. The time required for compilation and execution 
was about 10 seconds. 
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FLOW DIAGRAM 

FLOW CONDITIONS IN THE INLET REGION OF THE AIR VENT 

READ 
VARIABLES 

COMPUTE VALUES 
FOR EQUATIONS 

18 THRU 26 
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PROGRAM LISTING 

FLOW CONDITIONS IN THE INLET REGION OF THE AIR VENT 

36 

Sam Peng
Sticky Note
None set by Sam Peng

Sam Peng
Sticky Note
MigrationNone set by Sam Peng

Sam Peng
Sticky Note
Unmarked set by Sam Peng



110 'PR0GRAM T0 C0MPUTE FL0W C0NDITI0NS IN THU' 
111 'INLET REGI0N 0F AN AIR VENT PIPE' 
I 12 
120 REAL K,MACH2I,MACHSQ,MACH2R 
125 1 READ,AREA,K,T,GASC0N,GRAV,CINC,PATM 
130 2 F0RMATC7F8.4) 
135 RCRIT= CCK+1.)/2•>**CK/CK-l•>> 
140 PRINT 4 
145 4 F0RMAT C24X,23H FL0W C0NDITI0NS IN THE /21X,13H INLET REGI0N, 
150 +16H 0F THE AIR DUCT //1X,34HIDEAL MACH REAL MACHC0MP C0EFFC0MP 
155 +26H C0EFF ENTR0PY AIR FL0 ,lOH PRESSURE,/lX, 
160 +57H NUMBER NUMBER DISCHARGE VEL0CITY EXP0NENT RATE, 
165 +4X,6H RATI0//) 
170 6 READ,MACH2I 
175 C0NKE= CK-1.)/2. 
185 R= (1.+C0NKE*MACH2I**2>**CK/CK-l•>> 
186 RC=RCRIT 
190 CC0M= 1.-c1.-CINC)*(l.-·7*CCINC-.1,-c.21+.l*CINC)* 
195 +ct.-CRC/R>**2>> 
00 IFCRCRIT-R)3,3 
05 CC0M= 1.-c1.-CINC>*Cl.-•7*CCINC-•l>*CR-l•)/CRC-1•>> 
10 3 MACHSQ= C-l.+SQRTCt.+2•*CK-l•>*CCCC0M*MACH2I>**2 
15 +*(l.+CK-1.)/2•*MACH2I**2>>>>/CK-l•> 
20 MACH2R= SQRTCMACHSQ) 
25 CUEL= MACHSQ/CCC0M*MACH2I**2> 
30 EXPENT= CCC0M/CUEL>**CK/CK-1•>> 
35 WTFL0= PATM*AREA/SQRTCGASC0N*T/CK*GRAV>>*EXPENT* 
40 +MACH2R/Cl.+C0NKE*MACHSQ>**CCK+t.)/C2•*CK-1•>>> 
41 RR= 1 ./R 
45 PR! NT 5,MACH2I, MACH2R,CC0M, CUEL, EXPENT, WTFL0, RR 
SO 5 F0RMAT(1X,SE10•3,E10•4,E10•3> 
60 G0 T0 6 
65 $DATA 
10 99,1.4,s20,s3.29,32.2,.s,11.26 
71 1.29,1.3 
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PROGRAM OUTPUT 

FLOW CONDITIONS IN THE INLET REGION OF THE AIR VENT 
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' 

FL0W C0NDITI0NS IN THE 
INLET REGI0N 0F THE AIR DUCT 

IDEAL MACH REAL MA~8f0MP C0EFF 0MP C0EFF ENTR0PY AIR FL0 PRESSURE 
NUMBER NUMBER DISCHARGE VEL0CITY EXP0NENT RATE RATI0 

T = 40 ° F 
•lOOE+OO .so1E-O1 eSOlE+OO •5O2E+OO •995E+OO •2742E+O2 •993E+OO 
•2OOE+OO • 101 E+OO .SQ4E+OO .SQ7E+OO a979E+OO o5422E+O2 a972E+OO 
e300E+OO el54E+OO aSlOE+OO a517E+OO a955E+OO e7984E+O2 a939E+OO 
•4OOE+OO •21OE+OO a518E+OO a53OE+OO •923E+OO •1.O38E+O3 •896E+OO 
.sooE+oo a269E+OO a529E+OO a548E+OO •BB7E+OO •l258E+O3 a843E+OO 
.6QOE+OO •334E+OO e543E+OO .S7OE+OO a847E+OO o l456E+O3 e784E+OO 
•7OOE+OO •4O5E+OO .S61E+OO e596E+OO e8O7E+OO •1.632E+O3 .721E+OO 
•BOOE+OO •484E+OO e582E+OO •627E+OO .77OE+OO ol786E+O3 .656E+OO 
•9O0E+OO .S72E+OO o6O8E+OO o664E+OO e738E+OO •l921E+O3 .S91E+OO 
•IOOE+Ol .671E+OO e64OE+OO e7O4E+OO • 1 ISE+OO a2O39E+O3 •528E+OO 
ol20E+Ol •889E+OO e7O3E+OO a781E+OO e689E+OO •2172E+O3 •412E+OO 
•l3OE+Ol a996E+OQ a725E+OO e81OE+OO e68OE+OO •2167E+03 o361E+OO 
• l.4OE+Ol •llOE+Ot •743E+OO •833E+OO e672E+OO •2124E+O3 •314E+OO 
olSOE+Ol •l2OE+Ol •757E+OO e851E+OO .664E+OO •2051 E+O3 o272E+OO 

FL0W C0NDITI0NS IN THE 
INLET REGI0N 0F THE AIR DUCT 

IDEAL MACH REAL MA~f~MP C0EFi~MP C0EFF ENTR0PY AIR FL0 PRESSURE 

NUMBER NUMBER DISCHARG VEL0CITY EXP0NENT RATE RATI0 

T = 60 ° F 
•lOOE+OO .sot.E-O1 .sotE+OO a5O2E+OO e995E+OO o2689E+O2 •993E+OO· 
o2OOE+OO olOlE+OO .SQ4E+OO •5O7E+OO •979E+OO .5317E+O2 a972E+OO 

e3OOE+OO o154E+OO a51OE+OO .s 17E+OO o955E+OO • 7829E+O2 o939E+OO 
•4OOE+OO .21OE+OO .-s1BE+OO o53OE:+OO a923E+OO •lO18E+O3 o896E+OO 

.sooE+oo o269E+OO .S29E+OO •548E+OO o887E+OO o1234E+O3 •843E+OO 
a6OOE+OO •334E+OO o543E+OO a57OE+OO a847E+OO o l 428E+O3 ~784E+OO 
o7OOE+OO o4O5E+OO o561E+OO o596E+OO •BO7E+OO ol6OOE+O3 .-121E+OO 
o8OOE+OO o484E+OO o582E+OO e627E+OO o77OE+OO •l752E+O3 o656E+OO 

•9OOE+OO a572E+OO -6O81!:+OO .664E+OO .738E+OO •1884E+O3 .-591 E+OO 

•lOOE+Ot .671E+OO o64OE+OO •7O4E+OO o715E+OO el999E+O3 o528E+OO 
•l2OE+Ol •889E+OO •7O3E+OO o781E+OO .689E+OO .2t29E+O3 •412E+OO 

• 1-3OE+O.1 •996E+OO a725E+OO e81OE+OO o68OE+OO .2t25E+O3 o361E+OO 

• l.4OE+Ol .ttOE+Ol .743E+OO o833E+OO .672E+OO •2O83E+O3 •314E+OO 
oJSOE+Ol • l2OE+O1 o757E+OO •851E+OO .664E+OO .2Ql2E+O3 •272E+OO 

. ,, .. 
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7-1750 
(2-67) 
Bureau or Reclamation 

CONVERSION FACTORS--BRITISH TO METRIC UNITS OF MEASUREMENT 

The following conversion factors adopted by the Bureau of Reclamation are those published by the American Society for 
Testing and Materials (ASTM Metric Practice Guide, January 1964) except that additional factors (*) co=only used in 
the Bureau have been added. Further discussion of definitions of quantities and units is given on pages 10-11 of the 
ASTM Metric Practice Guide. 

The metric units and conversion factors adopted by the ASTM are based on the "International System of Units" (qesignated 
SI for Systeme International d 'Unites), fixed by the International Committee for Weights and Measures; this system is 
also known as the Giorgi or MKSA (meter-kilogram (mass)-second-ampere) system. This system has been adopted by the 
International Organization for Standardization in ISO Recommendation R-31. 

The metric technical unit of force is the kilogram-force; this is the force which, when applied to a body having a 
mass of 1 kg, gives it an acceleration of 9. 80665 m/sec/sec, the standard acceleration of free fall toward the earth's 
center for sea level at 45 deg latitude. The metric unit of force in SI units is the newton (N), which is defined as 
that force which, when applied to a body having a mass of 1 kg, gives it an acceleration of 1 m/sec/sec. These units 
must be distinguished from the (inconstant) local weight of a body having a mass of 1 kg; that is, the weight of a 
body is that force with which a body is attracted to the earth and is equal to the mass of a body multiplied by the 
acceleration due to gravity. However, because it is general practice to use "pound" rather than the technically 
correct term "pound-force," the term "kilogram" (or derived mass unit) has been used in this guide instead of "kilogram­
force" in expressing the conversion factors for forces. The newton unit of force will find increasing use, and is 
essential in SI units. 

Table I 

QUANTITIES AND UNITS OF SPACE 

Multiply By To obtain 

LENGTH 

Mil. 25. 4 (exactly) .• Micron 
Inches • 25. 4 (exactly). . Millimeters 

2. 54 (exactly)*. Centimeters 
Feet. 30. 48 (exactly) • • . . Centimeters 

O. 3048 (exactly)* .•. Meters 
0. 0003048 (exactly)* • Kilometers 

Yards 0. 9144 (exactlr,> • . Meters 
Miles (statute): 1,609. 344 (exactly * : • Meters ... 1. 609344 {exactly) • Kilometers 

AREA 

Square inches • 6. 4516 (exactly) • Square centimeters 
Square feet • 929. 03* .••••• Square centimeters 

0.092903. Square meters 
Square yards o. 836127 . Square meters 
Acres . . . 0.40469* • Hectares 

4,046. 9* ~ ••• Square meters 
0. 0040469* • Square kilometers 

Square miles 2.58999. . Square kilometers 

VOLUME 

Cubic inches 16.3871 . Cubic centimeters 
Cubic feet. • 0.0283168: Cubic meters 
Cubic yards • o. 764555 • Cubic meters 

CAPACITY 

Fluid ounces (U. s.) 29.5737. Cubic centimeters 
29.5729 • Milliliters 

Liquid pints (U. s. ) 0.473179 : Cubic decimeters 
0.473166. Liters 

Quarts (U. s. ) . 946.358* •• Cubic centimeters 

Gallons (U. s. ): 
o. 946331*. Liters 

3,785.43* • Cubic centimeters 
3. 78543. Cubic decimeters 
3. 78533. Liters 

Gallons (U. K. f o. 00378543*. Cubic meters 
4.54609 Cubic decimeters 
4.54596 Liters 

Cubic feet. 28.3160 • Liters 
Cubic yards • 764.55* Liters 
Acre-feet. • 1,233.5*. Cubic meters 

.1.233.500* Liters 
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Multiply 

Grains (1/7, 000 lb) , , , 
Troy ounces (480 grains), 
Ounces (avdp), •• , 
Pounds (avdp), • • • 
Short tons (2,000 lb), 

Long tons (21 240 lbl: 

Pounds per square Inch 

Pounds per square foot 

Ounces per cubic Inch • , • 
Pounds per cubic foot • , • 

Tons Oongj per cubic w.rd : 

Ounces per gallon (U, S. ) 
Ounces per gallon iu, K,) 
Pounds per gallon U, S. ) 
Pounds per gallon (U. K. l 

Inch-pounds 

Foot-pounds 

Foot-pounds pe.; i.ich 
Ounqe-lnches I • I I 

Feet per second, 

Feet per year, : 
Miles per hour , 

Feet per second2 , 

Cubic feet per second (second-
feet) •• , •••••••• 

Cubic feet per minute , , • 
Gallons (U. s. ) per minute • 

BY 

MASS 

64, 79891 (e:mctly) , 
31, 1036, , , , •• 
28,3495. , ••• , , 

O, 46369237 (e:xactly), 
907.185 • , ••• , • 

• 0.907185 •••• 
, 1,016,06, , p p , , 

FORCE/AREA 

0,070307, 
o. 689476. 
4,88243 , 

47,8803, I 

MASS/VOLUME (pENSITYl 

1, 72899 , 
16,0185 • 
0.0160186 
1,32894 

MASS/CAPACITY 

7.4893, 
6, 2362, 

119,829 , 
99. 779 • 

BENDING MOMENT OR TORQUE 

ELOCIT:Y 

30, 48 (eDCtly), , , 
0, 3048 (e,cactly)* , 
0, 966873 x 10-B• , 
1. 609344 (e:mctly), 
01 44704 CemctlYl. 

ACCELERATION* 

0.3048* , , 

FLOW 

0,028317* 
0,4719 , 
0,06309 , 

FORCE* 

~ 

QUANTITIES AND UNITS OF MECHANICS 

Milligrams 
Grams 
Grams 
Kilograms 
Kilograms 
Metric tons 
Xllograms 

To obtain 

Kilograms per square centimeter 
Newtons per square cenUmeter 
Xllograms per square meter 
Newtons per square meter 

Grams per cubic cenUmeter 
Kilograms per cubic meter 
Grams per cubic cenUmeter 
Grams per cubic cenUmeter 

Grams per liter 
Grams per liter 
Grams per liter 
Grams per liter 

Meter-kilograms 
CenUmeter-dynes 
Meter-kilograms 
Cenllmeter-dynes 
CenUmeter-kilograms per cenllmeter 
Gram-cenUmeters 

Centimeters per second 

~::f~~~ss:~~econd 
Kilometers per hour 
Meters per second 

Meters per second2 

Cubic meters per second 
Liters per second 
Liters per second 

Kilograms 
Newtons 
Dmes 

Mult1plY 

Br1Ush thermal units (Btu) , 

~rpound.,,.,.: 
F -pounds ••••••• 

Horsepower , • , , • , 
Btu per hour , , , , • • 
Foot-pounds per second • 

Btu 1n. /hr ft2 deg F (k, 
thermal conducUv1ty) 

2 ••• 
Btu ft/hr ft dej F , • • , , 
Btu/hr ft2 de~ (C, thermal 

conductance • , • • • , • 

Deg F hr ft2/Btu (R,· the;,,,;.,_• 
resistance) , • , , • , , • , 

Btu/lb deg F (c, heat capacity). 
~bdegF,,,,,.,,, 
Ft /hr (thermal d1ffusl.vityl • • 

Grains/hr ft2 (wster vapor 
transmission) • , , • • • 

Perms (permeance) , , • , 
Perm-inches (permeability) 

MulUplY 

Cubic feet per square foot per 
day (seepage) • , • • • • • 

Pound-seconds per square foot 
(viscosity) , , , , • . , • , , 

Square feet per second (viscosity), 
Fahrenheit degrees (change)*, • , 
Volts per mil. • , , , , , • 

~,Be~ s~ ~°°: ~o'.*: 
Ohm-circular mils per foot 
Mlll1curies per cubic foot , 
M1llJamps per square foot • 
Gallons per square yard • 
Pounds per Inch. • 1 • • 

BY 

WORK AND ENERGY* 

0.262* 
: 1,066, 06 , : : : : 
, 2, 326 (e:xactly) , 
, 1.36682*, • p , 

POWER 

746. 700 , , • 
0.293071. • 
1.36682 , • 

HEAT TRANSFER 

1.442 , 
0.1240. 
1.4880* 

0,668 
4,882 

1,761 
4.1868 
1.000• 
0.2681 
0.09290*: 

WATER VAPOR TRANSMISSION 

16,7 
0.669 
1.67 

~ 

OTHER QUANTITIES AND UNITS 

BY 

304.8• ••• 

4,8824*, , 
0. 092903*. , 
6/9 e:xactly . 
0.03937. , 

10,764. , , 
0,001662 • 
36.3147* • 
10, 7639* • , 
4.627219* • 
0.17858*, • 

To obtain 

Kilogram calories 
Joules 
Joules per gram 
1ou1es 

Watts 
Watts 
Watts 

Mllliwstts/cm deg C 
Kg cal/hr m def 
Kg cal m/hr m deg C 

Mlll1watts/cf2 :g C 
Kg cal/hr m deg 

Deg C cm2 /milliwatt 
J'~degC 
C ,:mdegC er sec 
M /hr 

Grams/24 hr m2 
Metric perms 
Metric perm-cenUmeters 

To obtain 

Liters per square meter per day 

Kilogram second per square meter 
Square meters per second 
Celsius or Kelvin degrees (change)* 
Kilovolts per millimeter 

Lumens per square meter 
Ohm-square m1ll1meters per meter 
Mlllicuries per cubic meter 
MUl1amps per square meter 
Liters per square meter 
Xllograms per cenUmeter 
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Al!S':l'BACT 

A computer program was written to determine the time-magnitude relation­
ships of reduced pressures in the Morrow Point Dam inlet structure. The 
low pressures are formed during an emergency closure of the intake gates 
as water in the penstock drains through the turbine. The study was nec­
essary to properly size the air vent system and to investigate the effect 
of various air vent dimensions on the reduced pressure. Consideration of 
design parameters, causes for air flow, and flow conditions within the 
air vent are discussed. The one-dimensional equations of gradually vary­
ing unsteady flow are given, and a computer program for their solution is 
presepted in Fortran IV programming language. The program can be used 
for similar problems. I . 

Al!S':l'BACT 

A computer program was written to determine the time-magnitude relation­
ships of reduced pressures in the Morrow Point Dam inlet structure. The 
low pressures are formed during an emergency closure of the intake gates 
as water in the penstock drains through the turbine. The study was nec­
essary to properly size the air vent system and to investigate the effect 
of var.ious air vent dimensions on the reduced pressure. Consideration of 
design parameters, causes for air flow, and flow conditions within the 
air vent are discussed. The one-dimensional equations of gradually vary­
ing unsteady flow are given, and a computer program for their solution is 
presented in Fortran IV programming language. The program can be used 
for similar problems. 

I 
I 

Al!S':l'BACT 

A computer program was written to determine the time-magnitude relation­
ships of reduced pressures in the Morrow Point Dam inlet structure. The 
low pressures are formed during an emergency closure of the intake gates 
as water in the penstock drains through the turbine. The study was nec­
essary to properly size the air vent system and to investigate the effect 
of various air vent dimensions on the reduced pressure. Consideration of 
design parameters, causes for air flow, and flow conditions within the 
air vent are discussed. The one-dimensional equations of gradually vary­
ing unsteady flow are given, and a computer program for their solution is 
presented in Fortran IV programming language. The program can be used 
for similar problems. 

Al!S':l'BACT 

A computer program was written to determine the time-magnitude relation­
ships of reduced pressures in the Morrow Point Dam inlet structure. The 
low pressures are formed during an emergency closure of the intake gates 
as water in the penstock drains through the turbine. The study was nec­
essary to properly size the air vent system and to investigate the effect 
of variou~ air vent dimensions on the reduced pressure. Consideration of 
design parameters, causes for air flow, and flow conditions within the 
air vent are discussed. The one-dimensional equations of gradually vary­
ing unsteady flow are given, and a computer program for their solution is 
presented in Fortran IV programming language. The program can be used 
for similar problems. 
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Byd-584 
Falvey, Henry T 
AIR VENT COMPUTATIONS--MORROW POINT DAM-'-COLORAOO RIVER STORAGE 
PROJECT. Bur Reclam Lab Rep Byd-584, Bydraul Br, July 1968. Bureau 
of Reclamation, Denver, 22 p, 15 fig, 7 tab, 17 ref, append 

DESCRIPl'ORS--/ *vents/ *unsteady flow/ *air demand/ penstocks/ computer 
programming/ structures/ air/ velocity/ computation/ sound/ reservoirs/ 
design criteria/ mathematical analysis/ flow control/ adiabatic 
IDENTIFIERS--/ Morrow Point Dam, Colo/ Colorado River Storage Proj/ 
Colorado/ water column separation 

Byd-584 
Falvey, Henry T 
AIR VENT COMPUTATIONS--MORROW POINT DAM--COLORADO RIVER STORAGE 
PROJECT. Bur Reclam Lab Rep Byd-584, Bydraul Br, July 1968. ·Bureau 
of Reclamation, Denver, 22 p, 15 fig, 7 tab, 17 ref, append 

DESCRIPl'ORS--/ *vents/ *unsteady flow/ *air demand/ penstocks/ computer 
progr8lllllling/ structures/ air/ velocity/ computation/ sound/ reservoirs/ 
design criteria/ mathematical analysis/ flow control/ adiabatic 
IDENTIFIERS--/ Morrow Point Dam, Colo/ Colorado River Storage Proj/ 
Colorado/ water column separation 

Hyd-584 
Falvey, Henry T 
AIR VENT COMPUTATIONS--MORROW POINT DAM--COLORADO RIVER STORAGE 
PROJECT. Bur Reclam Lab Rep Byd-584, Bydraul Br, July 1968. Bureau 
of Reclamation, Denver, 22 p, 15 fig, 7 tab, 17 ref, append 

DESCRIPl'ORS--/ *vents/ *unsteady flow/ *air demand/ penstocks/ computer 
programming/ structures/ air/ velocity/ computation/ sound/ reservoirs/ 
design criteria/ mathematical analysis/ flow control/ adiabatic 
IDENTIFIERS--/ Morrow Point Dam, Colo/ Colorado River Storage Proj/ 
Colorado/ water column separation 

Byd-584 
Falvey, Henry T 
AIR VENT COMPUTATIONS--MORROW POINT DAM--COLORADO RIVER STORAGE 
PROJECT. Bur Reclam Lab Rep Byd-584, Bydraul Br, July 1968. Bureau 
of Reclamation, Denver, 22 p, 15 fig, 7 tab, 17 ref, append 

DESCRIPl'ORS--/ *vents/ *unsteady flow/ *air demand/ penstocks/ computer 
programming/ structures/ air/ velocity/ computation/ sound/ reservoirs/ 
design criteria/ mathematical analysis/ flow control/ adiabatic 
IDENTIFIERS--/ Morrow Point Dam, Colo/ Colorado River Storage Proj/ 
Colorado/ water column separation 
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