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ABSTRACT

This thesis represents a study of the type of
processes which take place when alr 1g either compressed
or expanded in a constant volume tank. In order to
establlish a criterla for solving this problem, dimenslonal
enalysis was used, By first reallzing that the processes
must be polytropic, 1t was possible to set up the
volytropic constant "n" as a function of the other
variables of the system, After solving for the dimen-
sionless groups, it was decided to plot "n" against the
group ko&ioTota where:

t

ko = the polytropic constant for an
adiabatic procesgs for air

g = acceleration of gravity
Re = the gas constant for air

To = initial temperature of gas inside
the tank

t = time of discharging or charging
At = tank surface area

This would be done for various initial pressures
inside the tank gt the start of the run, but the pressure
ratio (pinitial/bfinal) was to be held constant. In

order to see what correlation there was between varlious
pressure ratios, the final pressure was then allowed to
vary while the inltial pressure lnslde the tank was
held constant, Finally, in order to see what affect

' different size tanks had on the process, two different
tanks were used in the experiment.

The results were:

5 2
1)  The various curves obtained for n vs Eg&%amgé
t

were all within 3% of each other.
2) The assumption that the involved processes are
isothermal is a fairly accurate one,



iii

3) It can be seen from the point distribution that asg
the pressure ratio decreased, the polytropilc
constant "n" increased. Also, the higher
initial pressures in the case of discharging
and higher final pressures in the case of
charging tended to produce the same increase
in "n".

4) Values for the overall covefficient of heat transfer
"U" were determined for both tanks, The large
tnak had coefficients varying irom 0.140 to
0.309 BTU/hr f£t® °F, while the small tank had
coefficients varying from 0,202 to 0.482 BTU/hrft?°F
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INTRODUCTION
Object of the Experiment

In the designing of gas servomechanlsms,
using a constant volume tank as the gas supply, 1t is
usually assumed that the transfer of the gas from the
tank into the servo takes place as an isothermal
process,

The object of this experiment is to deter-
mine how accurate this assumption is, and further, to
apply dimensional analysis to the process in order to
determine whether any characteristic curve or curves may
be obtained. Two different tanks are utilized in order
that it can be determined whether any correlation
exists between various slized tanks.

It is also desired to get an idea of what
the overall coefficlent of heat tramsfer 1s for these

processes,



PRELIMINARY ANALYSIS

Before the question of what type of process is
taking place in charging and discharging a constant vol-
ume tank can be intelligently answered by laboratory
experiment, a method of attack must be formulated, and a
sound method of evaluating the data must be established.
In order to accomplish this, the problem must be looked
at analytically. The question was, what would be the
best eriteris to show what type of process 1s taking place?

In order to formulate 2 metho@ of attack, the
polytropic constant 'n" was investigated. For alr, or
any other perfect gas, any compression or expansion
process is inherently polytropic. The upper limit is
the adisbatic process, and the lower 1limit is the 1lso-
thermal process. The formula for a polytroplc process
is pv® = constant. The "n" for the upper 1limit (or
adiabatic process) is = k = 1.4, and for the lower limit
(or isothermal process) is = 1,0, and it can vary between
these limits for all other processes. Thus, if the "n"
for the processes in question can be determined, the type
of process will also be determined.

The question now arises, how can '"n" be evaluated,
There are two methodg which can be used. The following

derivations‘show thegse two methods:



One method of determining '"n".
pvn = constant or pov% = pfv?

However, since pv = RT or VvV = %2

(RTo)n (5{2 n
Po Pe\ g
Eﬁ — (2231 n
pp ~ Torp
Po TaPo
f
In — =n 1n ( )
pf Top
1n =
" De
no= pon
ln(ﬁ;T:)

This formula holds for p. greater than P
(the subscript f refers to final conditions and the
suhscript o refers to 1nitial conditions). If the
final pressure is greater than the initial pressure, as 1is
the case for the charging process, there 1s some guestion
as to the validity of pv = RT since the system ls no
longer homogeneous. The gas already in the tank at the
beginning of the run is at a high temperature relative to
the gas entering. As these two gas masses mix, the rise
in temperature due to the compression of the gases ls some-
what retarded by the cool entering gas. This tends to
cause the process to be lsothermal and for this reszson
1t was decided to assume the formula holds for both the

charging and discharging processes,



Alternate method for determining '"n"

As before, pov% = pfv?

Since the mass of the gas inside the tank and the vol-
ume of the gag does not change from the end of the charging
or dlscharging run until the steady state conditions are

reached: RT
Vo = V =___f:§_§_
£ 88 Prgg

If room temperature does not change during this tlime:

RT»
Then: Vo = ===
r pfss
. RTc .\ _ RTo n
And.‘ po(p—o" ) = pf(pfss)
E: = (Be)?
Py Prgs
Peo 80
In — =n 1ln =
Pr Prgg
Pe
1n 5;
And finally: n = e
1n
pfss

The first solution is the method that was
employed orn the test runs. The reason fof thig choice
are given under the section on methods of taking data.

In order to be able to express the experimentesl
results in ugseful form, the problem was attacked with
dimensional analysis. The first thing to be done here
was to list all the variables on which "n" is dependent,

These varlables were divided into lLhree grouns.



1) Those variables assoclated with the tank.
2) Those varisbles associated with the valve.
3) Those variables assoclated with the alr,

The tank variablesg are:

1. The mass of the tank M
2. The surface area of the tank At
3, The volume of the tank v
The valve veriables are:
1. The discharge area ; Ac
2. The discharge coefficient Cq
The gas varisbles are:
1. The initial pressure Do
2, The initlal temperature 4 Teo
3. The final pressure Py
4, The time of dlscharge t
5. The gas constant Re
6. '"n" for adisbatic process ke

Since the final pressure and the time of the
run are known, the discharge area of the valve 1s already
specified. Therefore, it was dropped from the analysis.
Therefore: n = f(M,At,V,Cq,po,To,ko,pf,t,Ro)
There are four baslc dimensions represented here, and since
there are 11 variables, there must be 7 T groups. By

solving, the following w's are found:

1. Tl'l =n
2. TT2 = Cq
3. Tr3 = kO
4L, m Ei

;'_pf



P o

5. 1'1’5 =
T
6. mg = giste

7w _ kogRoTot?
Y A,

Once these dimensionless groups had been
established, 1t was felt that the necessary tools to
begin the experimental work were at hand, The varlables
which would have to be measured were known, and it was

felt that the results could be plotted as n vs n7 since

.
7
it being the only group that contains the time of discharge,.

is probably the group which 1s the most easy to vary,

Therefore, ﬂ7 was to be varied, while the other groups
were to be held constant { except M =n which varies
as a result of varying ﬂ7).

However, there were several items which had to
be measured before the apparatus could be set up. A tank
had to be acquired and its mass, volume, and surface
area determined.

To determine the mass of the tank, it was welghed
and its weight divide” by the acceleration of gravity. To
find the volume, the tank was filled with water just after
it had been weighed, welghed again wilth the water in it,
This determined the weight of the water added, anl by
dividing the weight of the water by its density, the
volume of fhe water was determined., The volume of the

tank then equals the volume of the water added.



To find the surface area, 1t was necessary to
measure the circumference and the height of the tank and
multiply the two quantities together.

Looking ahead to the measurements that would
have to be made during each run so that the proper equip-
ment could be procured, the following was declded:

1) It was necessary to kmow the initial and
final pressures inside the tank.

2) It was necessary to know thé initial and
final temperatures inside the tank,

3) In oréer to evaluate the overall coefficient
of heat transfer for the process, it was necessapry Lo know
the temperature of the outer surface of the tank.

In order to make the measurements indicated in
item one above, a pressure gage was needed. One was
obtained that had a range of 2000 psi. The gage was
calibrated on e dead weight tester, and the calibration
curve for this gage is included in Appendix I1I.

In order to measure the required temperatures,
thermocouples were to be installed in the tank, and arcund
the outside surface, The method for installing the
thermocouples inside the tank is discussed in detall in
the section of this report dealing with the test set-up
(see page 9). The thermocouples were all made from one
spool of copper-constantan thermocouple wire, end a sample
was calibrated, the deviation and corrected calibration

curves veing included in Appendix III.



In order to read the thermocouples other
equipment was required, such as a votentiometer, a thermos
bottle for the reference junction, and a selector switch
so as to be able to read all the thermocouples.

Since the paramente to be varied 1s the time
of discharge or charging, as the case may be, a valve in
the air line was needed, It was felt that more accurate
results could be gotten if this valve could be operated
instantaneously. Therefore, two valves wére used; a
needle valve to adjust the flow rate for the varlous runs
end a solenoid valve to allow accurate starting and stopping
of the flow.

Other equipment needed included hose and
fittings to connect the air supply with the tanks, and a
stop'watch with wnich to measure the time of flow. Now that
the materials needed was known, the job of setting up the

apparatus was begun.



TEST SET-UP

The test set-up consisted of a nitrogen tank
which was used as the test tank. Air lines were run from
the tank to the air supply board through two valves. One
wes a needle valve which was used to vary the flow rate,
and the other was a solenoid valve which was used to start
énd stop the test, the needle‘valve not being touched ex-
cept between runs. A pressure gage was inserted in the
air line at the tank inlet, Twelve thermocouples were
placed on the outside of the tank, four around the top,
four around the middle, and four around the bottom. The
four thermocouples at each section were connected in seriles
and thus an average temperature was measured., Three ther-
mocouples were to be inserted inside the tank, one extending
to the bottom, one to the middle, and the other being at
the top. These three thermocouples were also connected in
geries, and thus the average temperature of the interlor
would be measured. The problem now was how to get these
thermocouples inside the tank without causing a leak?

By asking advice from the lab technicians, 1t
was discovered that the thermocouples could be put inside
the tank by means of a small thermocouple lead, especlally
made for this purpose, with the sbility to withstand
pressureg up to 2000 psia. This thermocouple lezd 1s a
retal rod which passes through a stalnless steel Jacket.
The rod was sealed in place with glass (see fig la).

By drilling holes in a brass plug, and soldering
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the thermocouple leads in place, a means of getting the
thermoccouples inside the tank without causing a leak in
the system could be accomplished, (See fig 1b). However,
this little lead caused more trouble than was thought
possible. The first time they were tried, some solder
got inside the drilled hole and shorted out the thermo-
couples, This meant the lead had to be removed, the hole
reamed, and the process begun over again. The second
time, the glass seal cracked from the heat of the solder.
After much time and trouble, all the leads
were in place and all functioning properly. After a few
runs on the tank, it was found that the thermocouples
inside were not giving a reading. When the apparatus was
dismaentled, it was found that one of the thermocouples had
become disconnected from the inside pole of the lead. No
more trouble with the thermocouples or the leads was
encountered after this break had been repaired, but for
the benefit of anyone who may continue on with this exper-
iment, it should be pointed out that this 1s a definite

trouble spot.
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METHOD OF TAKING DATA

For any gilven tank, the dimensionless groups

]
At

Ty =3 5 Ty = Cq ; and Ty = ko will all remain

constant. This leaves as variables:

kogReTot? ; end g _ MgRoTo

ﬁl =n 3 ﬂ# = H ﬂ7 = At PoV

317

(It was origionally intended to hold Tg constant for a
series of runs at a specified initial pressure but since
it includes the room temperature which 1s constently
changing, the best that could be expected is that the
results would show a trend caused by this varisble., The
results do show such a trend which is discussed in detail
in the section on results.)

The order of taking data was decided on as

follows: 1) Pick a value for m,
2) Pick a value for peo

3) Take a series of runs a various times of
discharge

4) Pick new values for pe and repeat 3)

5) Pick new values for m, and repeat steps
2),3),and 1"')

The following are the actual values used for T,
aIld peo
For discharging the large tank:

Peo
- Pe in pslea
Py
1015
1015
3,00 818

There were no charging runs for the large tank.




For discharging the small tank:

Po
5; Po in psila
6450 1215

915

615

4,72 1215
1015
815
615
515

3,00 1215
915
615

For charging the small tenk, the dimensionless

group becomes = 5:" and Pe is chosen rather than Po

Pe i
5; pe 1N psia
6.50 1215

615
4,72 1015

615
3,00 1215

615

The methods of taking data for the charging and

for the discharging processes &are the same with the eX-
ception that between steps 3) and 4) (steps ere listed

below) the air pressure is left on for the charging

12
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process, while for the discharging process the air
pregsure 1ls turned off and the exhaust valve 1s opened.
The general procedure 1s:

1) With the apparatus completely assembled, the
steady state temperature 1s noted,

2) The tank is charged to the initial pressure
chosen for that run and 1ls kept at this |
pressure until the steady state temperature
is again attalned,

23) The needle valve ls adjusted to produce the

' desired air flow,
4) When the steady state is reached the solenoid

valve is opened,

5) A stop watch 1s started at the same instant
| the solenold valve is opened,
6) When the final pressure is reached, the solenold

valve and the stop watch are both turned off,

7) The millivolt reading from the thermocouple
gseries inslde the tank 1is read at the same
instant the solenoid valve 1s closed,

8) The millivolt readings from the other thermo-
couple series are read by setting the selector
switech,

9) Steps 2) to 8) are repeated,
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It will be remembered that in the preliminary
analysis two methods were developed for determining "n".
By running several test runs we determlned that: -
1) There is virtually no lag in our thermocouples,
| and so Tf cen be measured accurately to within
one half °F,
2) The time necessary to reach steady state after
. charging or discharging is of the order of
one hour, '
3) The change between Pe and Prog cannot be accur-

ately measured on our pressure gage,

For these reasons we ‘decided to usé the first method:

Pe
In —
Pe

n:-—ET;
In EET:

It was also realized that quite a bit of time
could be saved due to the fact that at the end of a dls-
charging run the temperature inside the tank was lower
than the steady state temperature, This means that if
the tank were immediately charged up to the desired ini-
tial pressure, the temperature inside the tank would not
have to fall as far to reach steady state as it would 1f
the tank had been charged from the steady state condition,

One problem arose in connection with reading the
final temperature inside the tank, It became necessary to

place a reversal switch on the thermocouple leads so that

temperatures below 0,00 °F could be read,



15

RESULTS

The main portion of the results are represented
in the graphs following this page. Thesge graphe represent
the following conditionss

Po

Graph 1 Discharging the large tank with m, = = 4,72
£

and 3,00 and with pe = 1015 and 815 psia

Graph 2 Discharging the small tank with m, = 3.00 and
with pe= 1215, 915, end 615 psia

Graph 3 Discharging the small tank with m, = 4,72 and
: with pe = 1215, 1015, 815, 615, and 515 psia

Graph 4 Discherging the small tank with m, = 6.50 and
with pe= 1215, 915, and 615 psia

D
Graph 5 Charging the small tank with 5% = 3.00, 4.72,
end 6.50 and with p, = 1215, 1015, and 615 psia

Grzph 6 Graph 5 with expanded scales
Greph 7 Graphs 2, 3, 4, and. 5 plotted together
Graph 8 Graphs 1 and 6 plotted together

The results for the overall coefficient of heat
transfer are as follows: '

Large Tank Small Tank
Run No, U in BTU/br ft® °F  Run No. U in BTU/br £t® °F

1 0.197 33 0.297

53 0,357

? 0.252 49 0.342

21 0,309 79 0.202

26 0.140 72 ©.205

~ 145 0.273

153 0.482

90 0,260

129 0.339

114 0,410

109 0,225
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CONCLUSIONS AND RECOMMENDATIONS

Interpretation of Graphs

One line was drawn through all the points on
each graph, for although there is some spread in the points
the greatest amount of spread is less than 0.03 parts in 1.00
or 3.0 %

A few of the curves are practically identlcal -
Graph 3 (discharging small tenk at a pressure ratio of
4,72), Graph 4 (discharging small tank at a pressure ratio
of 6.50), and Graph 5 (cherging small tank at pressure ratios
of %.00, 4.72, and 6.50) all appear to yleld the same curve,
as can be seen from Graph 7. Graph 2 (discharging small
tank at a pressure ratio of 3.00) seems to fall above the
other curves by about 0.01 part in 1.00 or 1.0 %

Ih comparing the discharge curve of the large
tank, Graph 1 with Graph 6 (expanded scale charging curve
for the small tank) (These curves are compared on Graph 8)
we see that Graph 1 is about 3.0 % higher than Graph 6.

From a visual inspection of all the curves bb-
tained it can be seen that they all fall wilthln a range
of approximately 3.0 %.

Within this 3.0 % range, however, two definlte
trends may be noticed. The first one 1s that for any
glven pressure\ratio, the points for discharging from or
charging to a higher pressure always fall above those for
a lower pressure. The second trend ig that a lower pressure

ratio has points above those for a higher pressure ratlos
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From inspection it 1s seen that the assumption
that these processes are almost isothermal ls not tco far
wrong. For ﬂ7 greater than 3 to 20 billion (depending on
the curve) n 1s less than 1.05, or in other words, n is
within 5.C % of the isothermal value of 1.00. This con-
pares to a total discharge time of from 1 to 2% minutes
for the small tank and approximately 7 minutes for the
large tank.

The overall coefficlent of heat transfer for
the bilg tank varies from 0.140 to 0.309 BTU/hr ft° °F
For the small tank 1t varies from 0.202 to 0.482
Since some very broad assumptlons were made to obtain U,
about the only sure things which can be sald concerning
these values are that 1) They agree favorably with each
other, and 2) Even.considering the assumptions made, it
is very probable that these values are of the right order
of magnltude.

It is believed that many phases of thlis thesis
should be expanded before any definite conclusions could
be drawn. The two notlicable trends which were mentioned
above should be further studlied by taking lower pressure
ratios and higher pressures. The affect of both these
factors is to raise the value of n for the n vs. ﬂ7 curve
tween the points determining'the curve and would perhaps
require that two curvesAinstead of one be drawn through

the points. The raising of this curve would also lncrease



the percentage difference between n and the isothermal
n which egquals 1.00. If this percentage difference
increased enough, a polnt could be reached where the as-
sumption of an isothermal process 1s no longer Justifled.
The determination of U could be improved on by
utilizing more thermocouples inside the tank in order to
get more accurate readings for the internal temperature
distribution. A completely new approach might be devel-
oped, perhaps that of studying the expansion of the gas
at the bottom of the tank, the work done by it, and the

heat added to 1it.

It ie felt that a much closer correlation be-

tween the large and small tanks could be obtained if the

M _
%%%ﬁ%%ggg ratios of the two tanks were the same. Di-
. . 2
viding Ty = M%%%E& by My = EzS%iisﬁ_ we get:
*gé MAt X
"1T7 v ; kop«atg

The only variables influenced by changing tanks are

M, A and v, Therefore, if %&% remains constant, there

%2
would probably be a much closer correlation between the
n vs ﬂ7 plots. This problem could be & nossible future
thesis.

We believe that the time spent working on this
thesls was quilte profitable and that future expansion

of this tonic along the lines'suggested above would be

guite worth while.
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PRELIMINARY DATA

1. The following deta was used in determining the deviation
of our thermocouples from the standard,

Corrected boiling point of water 100.074 °¢C
Thermocouple reading at 100.074 °C 4,270 nv
Standard reading at 100,0v4 °C 4,279 nmv

2. The following data was used in determining the mw's found
by dimensional analysils,

&, Data for large tenk:

Welght of tank enpty 126.25 pounds
Weight of tank when full of water 223,25 pounds
Welght of water in tenk A 97.C0 pounds
Temperature of water added to tank 50,00 °F
pounds
Density of water at this temperature 62,41 footd
Helight of tank 48,50 inches
Clrcumference of tank 29.50 inches

b, Data for small tenk:

Weilght of tank empty 13.50C pounde
Welght of tank when full of water 20.25 pounds
Weight of water in tank 6,75 pounds
Temperature of water added to tank 50,00 °F

Density of water at this temperature 62,41 g%%%%ﬁ

Height of tank 15,5C inches
Circumference of tank 14,50 inches




EXPERIMENTAL DATA -~ LARGE TANK

DISCHARGING
fixplenation of terms:
P, is the initial pressure of the gas withlin the tank,
Pf is the final pressure of the gas within the tank,
Te is the initial temperature of the tank and the gas
within 1t,
Ty is the final temperature of the gas within the tank,
T, is the final temperature of the top sectlon of the
tenk,
Te is the final temperature of the middle section of the
tank,
Ts 1s the final temperature of the bottom section of the
tank.
23;? Run psis psgg mi;im:ec z&é vt $£1 ﬁ%g ﬁia
3-30 1 1000 200 4 8,3 2.99 0,00 2,36 2.56 2.85
3«30 2 1000 286 53.1 2,75 =1.94 2,65 2.09 2.95
3=31 3 1000 200 12 7.6 2,85 1.00 2,15 2,35 2.b5
3-31 4 1000 200 7 19,1 2,81 0,60 2,12 2,42 2,60
3=31 5 800 158 1 23,3 2,74 «1,97 2.61 2.76 2,94
4-2 6 800 158 14 T.2 2,73 1,34 2,44 2,66 2,85
4-11 7 1000 200 2 57.3 2,99 «0,11 2,61 2,92 3.1l
4-11 8 800 158 3 45,3 3,19 0,33 2.97 3.34 3.04
4-14 9 800 1n8 14 13.0 2,96 1,40 2,72 2.93 3.18
4-14 10 800 158 6 31.3 2,97 0.59 2.64 2,91 3.14
4-14 11. 800 158 8 30.8 2.93 0.88 2,68 2,93 3.17
4-16 12 1000 200 10 41,3 3,12 1,10 2,63 2.88 3,09
4-16 13 800 158 10 20,9 2,95 1.02 2,59 2.91 3,10
4-16 14 1000 200 1 40.0 3,16 «2,09 2,62 3.23 3.43
4-17 15 1000 323 2 26,2 3.28 6.00 3,17 3.51 3.63
4-17 16 1000 323 2 38.2 3.13 0,00 2.73 3.13 3.30
4-17 17 1000 323 6 3.7 3.13 0.94 2,75 3.09 3.30
4-17 18 800 257 10 0.5 2,95 1,40 2,82 3,03 3.25
4-21 19 1000 323 9 26,5 3.06 1.28 2,69 2.95 3.11
421 20 1000 323 11 1.0 2.83 1,14 2,38 2,63 2,84
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Date
1953
421
4-21
422
422
4=22
4a22

Run

21
22
23
24
25
26

Po Pg time
psig psig min sec
1000 323 15 24.3
1000 323 51.6

800 257 9 18.8

800 257 6 37.2

800 257 2 30.9

800 257 5 9.4

3Te

nv
2.84
2,78
3.15
3,06
3,06
2,94

m

1.35
-2,28
1.53
1.16
=-0,03
0.77

4T,

mv
2,39
2,82
3.04
3.04
2,79
2,72

4T 5
mv
2,67
.12
3.41
333
3430
Z.15

4T 4
mv
2,87
.20
3.54%
3.53
3467
Sodd

o



EXPERIMENTAL DATA - SMALL TANK
DISCHARGING
Explanation of terms:
Po is the initisl pressure of the gas within the tank.
Pf 1s the final pressure of the gas within the tank,
T, is the initial temperature of the tank and the gas
within 1t,

Tf ig the final temperature of the gas within the tank.
T; 1s the final temperature of the bottom section of the
tank.
Te 1s the final temperature of the top section of the
tank,
Date Run PAo P time T‘o T G 47, 475
1953 peilg pelg min sec mnv m mv mv
4e24 27 1000 200 56,7 1.19 0,00 3.85 4,09

4e2k 28 1000 200 12 34,7 1,15 0,82 3.64 3.83
4ass 29 1000 200 57.9 1.11 0.36 3.41 3.78
4a24 30 1000 200 9.9 1.12 0.56 3.26 3.69
4e24t 31 1000 200 44,8 1,05 0,64 3,21 3.51
4o24 32 1000 200 51,7 1.08 0,49 3.22 3.66
Le2sh 33 1000 200 28,2 1,07 0.59 3.12 3.58
Lozl B4 1000 200 17 30.5 1,08 0.T4 3.22 3.55
4e24 35 1000 200 44,0 1,05 0,18 3.15 3.E1
4.24 36 1000 200 25,0 1,06 0,35 3.06 3.7
4o24 37 1000 200 17.1 1,06 0.64 3,06 3.62
424 38 1000 200 27.7 1.04 0.66 3,07 3,55
424 39 1000 200 15,9 1,07 =1.27 3,26 3.85
428 40 1200 233 5.5 1l.14 =0.05 3.27 3.71
428 41 1200 233 22,5 1.15 0,13 3.12 3.70
4-28 42 1200 233 31.2 1,12 0.55 2,90 3.45
4.28 43 1200 233 10.1 1,10 0.54 2,79 3.36
428 44 1200 233 16,3 1l.11 0.44 2,66 3.35
4-28 45 1200 233 39.2 1,02 0,45 2.65 3.05
4-28 46 1200 233 3,1 1,04 0,50 2,58 3.21
Lep8 A7 1200 233 13 52.0 1,06 0.66 2,82 3.28
4-29 48 1200 233 25,0 1.14 0,66 3,22 3.47

awv HF OV M W O P KH-IOW= &+

O
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4-29 49 1200 233 6 50,3 1,11 0,58 3,06 3.55
4e29 50 1200 233 47,6 1,12 -0,28 3,01 3,78
429 51 1200 233 14,4 1,13 -1,33 3,40 4,03
4-29 52 800 158 8 6.4 1,00 0,64 3,07 3.39
4229 53 800 158 8 56,6 1,02 0,63 3.00 3,34

4.29 54 800 158 12 49,4 1.04 0,67 2.96 3,28

4-29 55 800 158 5 23.8 1,02 0.56 2,93 3.47
4-29 56 800 158 4 2,5 1,08 0,50 2,89 3.50
429 57 800 158 3 19.8 1,09 0.46 2,88 3.58
4L-29 58 800 158 2 30.8 1,08 0.38 2,91 3.62
429 59 800 158 2 10.4 1,08 0.33 2.92 3.66
4-29 60 800 158 1 36.7 1,09 0.25 2,83 3.72
4-29 61 800 158 1 11,5 1,04 0.07 2,97 3.69
4u29 62 800 158 49,4 1,10 =-0.14 3,05 3.75
4.29 63 800 158. 6.6 1,10 «1.76 3.41 4,08
4-30 64 600 115 6 19,2 1,11 0.80 3.75 4.17
4-30 65 600 115 10 23,5 1.10 0.84 3,71 4.18
4-30 66 600 115 6 22,2 1,08 0,76 3.60 4,00
4230 67 600 115 7 5.6 1,10 0,78 3.58 4.05
4-30 68 600 115 8 42,8 1,10 082 3,57 3493
4-30 69 600 115 2 52,7 1,06 0,61 3.44 3.96
4ez0 7O 600 115 2 5T7.5 1.05 0.60 3,48 3.99
4.3 71 600 115 3 29.7 1,08 0.64 3.40 3.99
4-30 72 600 115 4 43.4 1,05 0,72 3.42 3.97
4«30 73 600 115 1 43.4 1,08 0,39 3,34 4.02
430 T4 600 115 1 1.6 1,08 0,09 3.42 4,07

4-30 75 600 115 8.3 1,05 =1.,15 3,67 4,18

5-1 76 500 94 4 57.8 1,00 10,68 3,51 3,82
5-1 77 500 94 6 18.6 1,00 0.T1 3.43 3.70
51 78 500 94 9 37.7 0.99 0,72 3.33 3.61
5=-1 T 500 g4 15 7.8 0.54% 0.7 3.30 3.52
5-1 80 500 94 3 24,5 0,94 0,55 3.32 3,62
5-1 81 500 o4 3 37.9 0,99 0,58 3.23 3.65
5-1 82 500 94 4 52,4 0.91 0,54 3.22 3.%

N



155 e
51 83
5-1 84
5-1 85
5«1 86
5-1 87
5-1 88
5-1 89
5-1 90
5-1 91
5«1 92
5-4 93
5-4 ok
Sedt 95
54 96
Sl 97
5-4 98
S=b 99
5-4 100
5-4 101
5-4 102
5-4 103
5-4 104
5-4 105
5-4 106
5-5 107
5-5 108
5-5 109
5-5 110
5-5, 112
5-5 113
5-7 114
5«7 115
5-7 116
5-7 117
5-7 118

P

P

psig ps{s

500
500
500
500
500
900
900
900
900
900
900
900
900
900
900
900
900
600
600
600
600
600
600
600
600
600
600
600
600
600
1200
1200
1200
1200
1200

ok
ok
94
o4
o4
290
290
290
290
290
290
290
290
290
290

290

290
190
190
190
190
190
190
190
190
190
190
190
190
190
390
390
390
390
390

time

min

3

o=

£ oo U o

15

10

]

00O

1 O\

12

-

W Oy Ul X

sec
52.6
26.9
29.8
54.6

8.4
23.1

7.7
14,9
273
56.8
37.9
42,8
26.4
56.5
29.3

7.0
47,7
45,1
58.9
12,7
36.4
31.0
41,7

Sekt
533
24,8
56.6
33.5
20.3
48.8

Q.0

e

26,2

0.8
26,2
54.3

To
mnv

.91
0.92
0.98
0.97
1,02
1.08
1,08
1.05
1,08
1.10
1,14
1.15
1,11
1.14
1,08
1.09
1,05
1.05
1,08
1,08
1.03
1.02
1,04
1,08
1,00
0.91
0.95
1.01
1,08
1.09
1,10
1,06
1,07
1,06
1.06

Te
mnv
0.55
0.59
0.28
0.35
-1,48
0.48
0.52
0,64
0.53
0.61
0.85
0.72
0.7T4
0.41
C.65
-1,02
0.00
0,39
0.45
0.48
0.53
0.56
.65
«0,89
0.67
0.63
0.65
0.73
«0,73
0,10
0.76
0,64
0.59
0.60
0.48

4Ty

mv
3.13
3.19
3.18
3.15
3.69
3434
3.27
3.24
3.18
3.18

3.T7

357
3.46
3.41
3638
3.65
3435
3037
3452
3.41
3.38
3433
3438
3458
3.31
3.15
3612
3428
357
3655

3.40

3.15
3,00
2.94
2,89

4T g

nmv
3.50
3.52
3.72
3675
4,24
3,88
377
3,68
.72
3,72
3,98
3,84
3.85
4,03
3. T4
4,20
4,05
3692
3,90
3,87
3,89
3.T7
3,82
4,10
3,60
3,48
3.45
3.54
3494
3.95

Zz 7
X P

3,44
3251
3639
3,47
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Date
1953

119
120
121
122
123
124
125
126
127
128
129
130

131

132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

149
150
151
152

153

Po

P

psig psig

1200
1200
1200
1200
1200
1200
1200
600
600
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
600
600
600
600
600
600
600

390
390
390
390
390
390
390

80

80
172
172
172
172
172
172
172
172
172
172
172
172
172

time

min

3

2
2
1
1

H O D

1

Hpouuw U oo 0o

e

(]
VIR

[ VI \ VIR E R IR0

11

gec
7.8
34,0
5,8
36,4
17.5
52,1
4.4
8.9
48,4
29.9
57.0
43,9
57.8
36,9
24,1
9.1
10,8
34,6
7.2
12,9
12.8
6.9
59.2
57.4
25.4
55 .4

' 55.8

47.8
5345

Te5
40,8
54.6

Sk
40,1
12,8

Te
mv

1.09
1.09
1.07
1,07
1,08
1,08
1.12
0,98
0.98
1.15
1.12
1.10
1,04
1,02
1.01
1.06
1,07
1,09
1.10
1,10
1.10
1,11
1.01
1,04
1.05
1,06
1.07
1.09
1.07
1.09

1 .00

Ll A4

1.11
1.11
1,08
1.15

o
0.42
0,38
0.28
0.19
0.11

-0.04
~1.,13
0.25
0.59
0.70
0.54
0.60
0.40
0.45
0,40
0,38
0.33
0.26
0.22
0.09
«0.20
-2,26
0.62
0.68
0.77
0.74
0.72
0.56
0.50
034
0,28
~0,03
2,14
0. T4
0.78

4,
nv

2.83
2,91
2,76
2,80
2,90
2.92
3,15
2,93
3.02
3431
3,09
3,01
2,81
2.72
2,65
2,62
2,56
2455
2,56
2,54
2,77
F42
3,40
3438
Bolth
3,42
3 U
Fe 42
3,40
3032

2 2B
gy ey

3639
3.T3
3.50
3o 30

4T g
mv

3655
3452
3,49
3,54
3,64
373
L, 04
3,34
3,41
3,62
3. 44
3437
3424
3e14
3415
3,25
3.23

3434

3432
3,40
3,65
4,04
3.63
3670
3¢ T4
3479
3478
3.90
3.92
3,90

3,99
4,03
4,42
3,73
3,61



1953 Run
5.8 154
5-8 155
5«8 156
5-8 157
5.8 158
5«8 159
5-8 160
5-8 161
5-8 162
5-8 163

5-8 164

psig psib min

900
900
200
900
900
900
900
900
900
900
900

126
126
126
126
126
126
126
126
126
126
126

9
6
T
6
4
L
3
2
1

time

sec
2747
37.2
21,2
41.9
25.5
52,1
25.4
42,1
43,7
56.6

5.2

To
mv

1,13
1.15
1,16
1.16
1,16
1,16
1.17
1.17
1,17
1.17
1.18

4
0.75
0,67
0.69
0.67
0.61
0.64
0.51
0.39
0.25

-0,3%0
2,40

4T,
nv

3620
3.14
3,10
3,09
3,08
3.14
3400
3.02
2,99
3,18
3.61

4T 5
mv

3243
3.50
3657
359
3.63
3.64
3,64
3.62
3.63
3494
4,05

2

vy



EXPERIMENTAL DATA - SMALL TANK
CHARGING
Hxplanation of terms:
Po is the initial pressure of the gas within the tank,
Pf is the final pressure of the gas within the tank,
Te is the initial temperature of the tank and the gas
within it.
‘I'f ias the final temperature of the gas within the tank,
T, is the final temperature of the bottom section of the
tank. A
Ts is the final temperature of the top section on the tank,

Date

1953 Run psig psgg m:lnth::c ,fn'; mtr ,“ﬁ:ﬁ,‘ ﬁ%rf
5-11 165 115 17.2 1.09 2,61 4,37 5.04
5-11 166 115 600 18,8 1,10 2.44 4,73 5,12
5-11 167 115 600 3 23,0 1,10 1,50 4,74 5.18
5411 168 115 600 1 29,2 1,04 1.72 4,76 4,96
5-11 169 115 600 2 42,8 1,04 1,55 4,72 5.06
5«11 170 115 600 4 14,9 1,09 1,50 4.87 5.15
5-11 171 115 600 5 152 1,10 1l.44 4,76 5.06
5-11 172 115 600 7 21.6 1,10 1,40 4,66 5.08
5-11 173 115 600 1 27.4 1,08 1,78 4,70 5.05
5-11 174 115 600 4 55,2 1,10 1,45 4,62 5.10
5-11 175 200 1000 8 4,9 1,10 1.48 5,09 5.b44
5-11 176 200 1000 5 13.2 1.09 1.55 5.02 5.46
5-11 177 200 1000 5 40,1 1,08 1,50 4.85 5.40
5-11 178 200 1000 10 30.5 1,07 1.43 4,95 5.28
5.12 179 200 1000 6 10,2 1,05 1,42 4,85 5.22
512 180 200 1000 7 27.2 0,99 1i35 4.63 5.06
5-12 181 200 1000 2 51.1 0.97 1.55 4.66 5.11
5.12 182 200 1000 2 50,4 0,99 1.54 4.64 5.19
5-12 183 200 1000 4 31l.4 1.00 1.45 %.63 5.22
5.12 184 200 1000 2 41,1 0,98 1.55 4,60 5.20
5.12 185 200 1000 1 44,4 1,01 1,72 4,70 5.26

5-12 186 200 1000 37.8 1,01 2,15 4,55 5.29

co

o



Date
1953

5=12
5-12
5el2
5=12
5-12
5-12
Swl2
5-12
5el2
5m12
512
Bel2
5«13
5-13
5-13
B5=-13
5-13
5=13
5«13
5«13
5-13
5-13
5«13
5-13
5-14
5=14
514
Beld
B=14
5-14
Hel4
5-14
5-14
514

187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208

209

210
211
212
213
214
215
216
217
218
219
220

Pe

P

psig psgs

190
190
190
190
190
190
190
190
190
190
190
190
390
390
390
390
390
390
390
390
390
390
390
390
172
172
172
172
172
172
172
172
172
172

600
600
600
600
600
600
600
600
600
600
600
600
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200

time

min
4
5

7
11

H L WU Y

U 00 WU

1l

(o]

H MWD D

1>

-3

1

O

R V) I U AV AV

sec
15.3
47.8
3.2
28.8
12,5
25.0
6.3
34 .4
36.6
50.0
50.4
23.6
14,0
26,6
36,6
14,2
3543
37.6
22,4
50.2

43,4

25.7

3.0
13.9
26,1
24,0
46,8
33.0
50,5
42,5
58.8
27.8
16.1

2,3

To
nv

1,09
1.10
1,09
1.08
1.10
1.05
1.07
1.07
1,07
1,07
1,08
1,08
1,10
1.06
1.01
1.01
1.00
0.99
0.96
0.97
0,97
0.98
0.99
1,00
1,00
1,00
0.98
0.98
0.98
0,95
1.00
0.96
C.95
0.94

ut
1.41
1.38
1.33
1.28
1.26
1.35
1,50
1,44
1,68
1,65
1.89
2.25
1,50
1,45
1,36
1.44
1.39
1.31
1.60
1.55
1,50
1.80
1,96
2.65
144
1.37
1,49
1,45
1.39
1,70
1,68
1.63
1.48
1.50

475
uv

4oTh
4,67
4,53
4,60
4,47
4,54
4,47
4,52
4,50
4,48
4,45
4,34
5.14
4,93
4,84
4,74
4,74
4,66
4,64
4,60
4,64
4,56
4,59
4,21
4,89
4,77
4,75
4,72
4,72
4,71
5,02
4,78
4,60
4,54

4T 5
mv

5,01
4,97
4,90
4,0k
4,75
4,75
4,77
4,77
4,85
4,84
4,80
4,82
5,44
5.13
.18

5.18

5.07
4,96
4,97
5,05
5.06
5,12
5,20
5.17
5,24
5,07
5.14
5,17
5.14
5,21
5,25
5,26
5.05
4,95

29



Date
1953

St
Sell
5-14
5e14
5e14
5uld
S-14
5-14
5=14
5=14
5-14
5-14
514
5-14
5-14
514
5-14
5-14
5e14
5e14

Run

221

222
223
224
225
226
227
228
229
230
231
232

233

235
236
237
238
239
240

P, Pf
psig psig
172 1200
172 1200
172 1200
172 1200

80 600

80 600

80 600

80 600

80 600

80 ° 600

80 600

80 600

80 600
80 600

80 600

80 600

80 600
80 600

80 600

80 600

U1 O OV O\ \O O & & U1 W

n

To
mv
0.91
0.97
0.95
1,00
0.99
0.99
0.97
0.96
0.93
0.92
0.95
0,95
0.96
0.91
0.91
0,92
1,03
1,06
1,06
1.10

Te
mv
1.77
1,90
2,02
2,36
1.42
1,32
1.43
1,30
1l.23
1.16
1.22
1.22
1,18
1,24
2,00
1,93
1.85
1.56
1.66
2,26

4Ty
nv

4,57
4,49
4,45
4 .46
4,05
4,05
4,12
4,00
3,94
3.95
3.89
3,97
3,91
3.92
4,00
4,15
4,41
4,34
4,37
4,34

4T 4
my

4,94
5.05
5,02
5,09
4,52
4,47
4,45
4,33
4,32
4,21
4,21
4,22
4,15
4,15

4,29

4e52
4,65
4,62
4,68
4,71
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PRELIMINARY CALCULATIONS
I. Calculation of terms necessary to evaluate the n's for

the large tank,

1., Masas of the tank:
M (mass) = Welght of the tank

12 g
M = 126,25
T 12 x 32,2
_ 1b_sec®
M = 0.3267 T

2, Volume of the tank:

V (volume) = Volume of water added to tank

. Welght of water
~ Density of water

97 x 1728
62,41

-3, Burface area of the tank:

Ay (surface area) = circumference x helght

At = 48,5 x 29,5
Aﬁ = 1430.75 in?

4, Caleculation of ﬂ7:

q. = LeBReTot?®
(A A

ko 1s the volumetric exponent for an adiabatic
process (ke for air is 1.4).

Re is the gas constant for air (53.35 Lt 1D )

() @
To °F,, '
To is the initial temperature of the ailr,

t 1s the time of discharge.

i
he



Therefore:
T4 X 32,2 X 53,35 x 144 Tpte

1430.75

177::

ﬂ7 = 242,06 Tot?
5, Calculation of Tg?
— MgRoeTo
T6 = TPV

o 0.3267 x 32,2 X 16k x 53,35 x To
6~ 2685,7 Po

II. Calculation of terms necessary to evaluate the mw's for
the small tank, ' )

1, Mass of the tank: ‘
Weight of the tank
l2 g

M (mass) =

_ 13,5
M= 12 x 32,2

-
M = 0.035 ;.P_i_:.g_fz

2, Volume of the tank:
V (volume) = Volume of water added to tank

_ Welght of water
~ Density of water

_ 6,75 x 1728
- 62,41

V = 187 in?

3. BSurface area of the tank:

A, (surface area) = circumference x height
Ag= 14,5 x 15.5
Ag= 225 in.®



5.

Calculation of ﬁ7:

ﬂ7 - kog%:'fetz
ko is the volumetric exponent for an adiabatlc
process,
Re is the gas constant for alr,
To is the initial temperature of the air,
+ 1s the time of discharge,

Therefore:
n = Lok X 32,2 x 53,35 x 14k Tot?
7 225

1T7 = 1539 Tot?

Galculation of "6‘

"6=H§‘\?h

- 0.035 x 32,2 x 144 x 53,35 x To

o -
6 187 Po
iy



CALCULATIONS - LARGE TANK

1. Pressure ratio of 4,72 (ratlo of absolute pressures),
1.1 Initial pressure = 1000 psig

Run To Tf To Tf Pe Pf To Tf
av mv °F °F psia psia °Faha °Fabs
0.997 0,000 T7.35 32,00 1015 215 537.04 481.69
0.950 0.333 75.36 47.38 1015 215 535.05 507.07
0.937 0,200 74,77 41,28 1015 215 534.46 500.97
0.997 «0,037 77.35 30,28 1015 215 537.04 489,97
12 1,040 0.367 T79.34% 48,92 1015 215 539,03 508.61

14 1,053 =0.697 T7S.91 = 1,30 1015 215 539.60 458.39

o e

=3

PoTy 10 B 1n ToPo
P.To F, Toby n

4,72 4,320 1,552 1,462 1,061
4,72 4,470 1,552 1,500 1,036
4,72 4,435 1,552 1,490 1,042
4,72 4,300 1,552 1.460 1,064
4,72 4,455 1,552 1,495 1,039
4,72 4,020 1,552 1,390 1,118

djrg
o

d

asuw B

1
1

&

t t® Ty = 242 Tot®

248.3 61,300  7,955,000,000
727.6 530,000 68,600,000,000
439,1 192,500 24,840,000,000
177.3 31,400 4,080,000,000
12 641.3 411,000 53,600,000,000
14 100.0 10,000 1,308,000,000

= w e E

WA
(O3



&
o
,,-
-
|
o
B’
g
i
k.
B
£
i
B
kB
b
B
b
B
B
L
o
B
ke
g
gl
i
e
o ¥
b
b
£
o
%C'f

1.2 Initial pressure = 800 psig
Run T.o Tf 'Eo T P.u Pf To
v nv F °§ psia psia oFabs
5 0,913 «0,663 T3.,68 0,35 815 173 533437
6 0,910 O.447 T73.55 53.68 815 173 533.24
8 1.063 0,108 80,35 37.00 815 173 540,04
O 0.987 0,467 T7.00 53.50 815 173 536.69
10 0.990 0.197 77.10 41.10 815 173 536.79
1L 0.977 0,293 76,55 #45.52 815 173 536,24
13 0,983 0,340 76,80 &47.70 815 173 536.49
PoT T-Po
Run g;- F%T% ln%;' 1nT{-§}- n
5 4,72 4,070 1,552 1,403 1,108
6 4,72 4,535 1.552 1.510 ~1.029
8 4,72 4,340 1,552 1,468 1.060
9 4,72 4,515 1,552 1,508 1,030
10 4.72 4,405 1,552 1,483 1,048
11 4,72 4445 1,552 1,490  1.042
13 4,72 4,460 1,552 1,498 1,038
Run t 1 Moy = 242 Tot®
5 83.3 6,900 890,000,000
6 847.2 T12,000 91,800,000,000
8 225,33 59,800 7,810,000,000
9 852,0 722,000 93,600,000,000
10 391.3 152,500 19,810,000,000
11 510.8 259,000 33,600,000,000
13 620.9 384,000 49,900,000,000

Le
aFabs
460,04
512637
496,69
513,19
500,79
505,21
507.39



L
v
o
E’
b
b

2.

Pregsure ratio of 3.00 (ratio of sbsolute pressures) .

201

Run

15
16
17
19
20
21
22

Initial pressure = 1000 psilg

To
mv

Ts
nv

1,093 0,000
1.043 0.000
1.043 0,313
1,020 0.427
0,943 0,380
0.947 0,450
0,927 =0.760

Run

15
16
17
19
20
21
22

Run

15
16
17
19
20
2l
22

Po
f;
3.00
3,00
3.00
3,00
3.00
3.00
3.00

t

146,
158,
363.
566.
661.
92k,

51.

To
°F
81.69
79 .48
79 .48
78,48
75403
75.20
T4 .30

Pon

PeTe

2.723
2,735
2,818
2,844
2,860
2,878
2.560

T

Po
psia p

1015
1015
1015
1015
1015
1015
1015

1,099 1,001
1,099 1,004
1.099 1.034
1,099 1.046
1.099 1.050
1,099 1.058
1,099 0.940

tB

2 21
2 25
7 131
5 320
0 436
3 851

, 400
,000
, 800
,000
,000
,000

6 2,650

ol
338
338
338
338
338
333
338

TfPO
in T:?;

To
oFabs
541,38
539.17
539.17
538,17
534,72
534,89
533.99

n

1,095
1.093
1,061
1.051
1,046
1.040
1,170

Ty = 242 Tot?

2,800,000,000
3,260, 000,000
17,090,000,000
41, 600,000,000
56,400,000,000
110, 000,000,000
342,000,000

T

QFf

abs

491.69
491,69
506,14
511,36
509,19
512,41
455,29

37



2.2 Initial pressure = 800 psig

Run To Tf‘f 'I;:c T Po Pf Te Tf
mv nv F °§ psia psisa °Fa.bs cFaba
18 0.983 0.467 76,80 53.50 815 272 536.49 513.19
23 1,050 0.510 79.80 55,49 815 272 539.49 515,18
24 1,020 0,387 78.48 49.85 815 272 538,17 509.54
25 1,020 -0.010 78.48 31,55 815 272 538.17 491.24

26 0,980 0,257 76,70 43,88 815 272 536.39 503,57

. p, CIolp Po . SfX°
Run §; f;T: In f; In T:F; n

18 3.00 2,863 1.099 1,052 1,042
23 3.00 2.860 1.099 1.050  1.046

24 3.00 2.830 1.099 1.040 1,056
E 25 3,00 2,739 1.099 1.008 1,090
. 26 3.00 2,816 15099 1.032 1,063

Run t t? Ty = 242 Tot?

18 650.5 422,000 54,900,000,000

23 558,8 311,000 40,600,000,000

24  397.2 157,000  20,400,000,000

1 25 150.9 22,700 2,956,000,000
| 26 309.4 95,100 12,350,000,000




Se

CALCULATIONS « SMALIL TANK
DISCHARGING

Pressure ratio of 4.72 (ratio of sbsolute pressures).
Initial pressure = 1000 psig

3.1
Run

27
28
29
30
31
32
33
35
36
37
38
39

To
mv

1.19
1,15
l.11
1.12
1.05
1.08
1.07
1.05
1.06
1,06
1.04
1.07

Run

27
28
30
31
32
33
35
36
37
38
39

Te
mv
0.00
0.82
0.36
0.56
0.64
0.49
0.59
0.18
C.35
0.64
0.66
-1,27
Po
Pe
4,72
4,72
4,72
4,72
4,72
4,72
4,72
4,72
4,72

472

4,72

To
°F
83.8
84,0
82.3
82.7
79.7
81.0
80.6
79.7
80.1
80,1
793
80.6
PoTe
4,27
4,59
4,50
4,56
4,49
4,53
4,38
4 44
4,56
4,56
3.75

s
32,0
69.4
48,6
57.8
61.4
54,6
59.1
40,4
48,2
61 .4
62.3

«29,9

Peo
" E
1,552
1,552
1,552
1.552
1.552
1.552
1,552
1.552
1.552
1.552
1.552

Pe
psia p

1015
1015
1015
1015
1015
1015
1015
1015
1015
1015
1015
1015

o
215
215
215
215
215
215
215

215

215
215
215
215

in Tpff

1.450
1.522
1.503
1,519
1.500
1.510
1.478
1,490
1.519
1.519
1.321

To

°4
Fa‘bs

540.3

543.7

542.0
5424
539 .4
540.7
540.3
539 .4
539.8
539.8
539.0
540,73

n

1.070
1,020
1,033
1.022
1.035
1,028
1,050
1,041
1.022
1.022
1.175

o
Fabs

491.7
529.1
508,3
517.5
521.1
514.3
518.8
500.1
507.9
521.1
522,0
429,8

39



Run t t2 Ty = 1539 Tot®

27  56.7 3,100 2, 540,000,000
28 T54.,7 568,000 475,000,000,000
29 117.9 13,850 11,550,000,000
30 249,9 62,300 52,000,000,000
31 464,8 215,000 178,500,000,000
32 231,7 53,200  44,400,000,000
33 388.,2 150,500 125,300,000,000
35 104,0 10,800 8,950,000,000
36 145,0 21,000 17,450,000,000
37 497.1 246,000 204,000,000,000
38 567.7 322,000 267,000,000,000
39 15.9 252 210,000,000

3,2 Initial pressure = 1200 psig

Run To Tf To T Peo Pf - To Tf
mv nv °F °§ psia psla °F abs °p abs

40 1,14 ~0.05 83.6 29,6 1215 248 543.3 489.3
41 1,15 0.13 84,0 38.0 1215 248 543,7 497.7
42 1,12 0,55 82.8 57.3 1215 248 542.,5 517.0
4% 1,10 0.54 81,9 56,8 1215 248 541.6 516.5
44 1,11 O0.44 82,3 52,3 1215 248 542,0 512.0
45 1,02 0.45 T8.4 52,7 1215 248 538.1 512.4
46 1.04 0.50 T79.3 55.0 1215 248 539.0 514.7
47 1,06 0,66 80.1 62.3 1215 248 539.8 522.0
48 1,14 0.66 83.6 62.3 1215 248 543,3 522,0
49 1.11 0.58 82.3 58.7 1215 248 542,0 518,.4
50 1.12 ~0.28 82,8 19.9 1215 248 542.5 478.7
51 1.13 -1.33 83.2 -33.0 1215 248 542,9 426.7

, P POTf P° Tfl’o
e R ORT, WR RE T

40 4,72 4,25 1.552 1,448 1,073
41 4,72 4.33 1.552 1.465 1,060
42 4,72 4,50 1.552 1.504 1.032
43 4,72 4,50 1,552 1.504 1.032
44 4,72 4,45 1.552 1.492 1,040




P.T T.Po
Run %;- fgf{‘ In %? in T—fT? n
45 4,72 4,50 1.552 1,504 1,032
46 4,72 4,51 1,552 1,509 1.030
47 4,72 4,56 1,552 1,520 1.022
48 4,72 4,54 1,552 1,511 1,028
49 4,72 4.51 1.552 1.509 1,030
50 4,72 4,16 1.552 1,426 1.090
51 4,72 3.71 1.552 1.310 1,182
Run t t® T, = 1539 Tot?
40 65.5 4,290 3,580,000,00C
41 82,5 6,800 5,680,000,000
42 331.2 109,500 91,500,000,000
43 370,1 137,000 114,000,000,000
44 256,3 65,800 54,900,000,000
45 339.3 115,000 95, 300,000,000
46 363,1 131,500 109,000,000,000
47 832.0 691,000 575,000,000,000
48 565,0 319,000 266,000,000,000
49 410,3 168,000 140,000,000,000
50 47.6 2,260 1,885,000,000
51 14.4 207 173,000,000
Initial pressure = 800 psig
Teo Tf Teo Tf Po ?f To
mv nv °F °F psie psia °Fab.s
1.00 0.64 77.5 61.4 815 173 537.2
1.62 0.63 78.4 60,9 815 173 538.1
1.04 0,67 T79.3 62,7 815 173 539.0
1,02 0.56 T78.4 57.8 815 173 538.1
1.08 0,50 81,0 55.0 815 173 D540.7
1.09 0.46 81,4 53.2 815 173 541.1
1,08 0.38 81.0 49.5 815 173 540.7
1,08 0.33 81.0 47.2 815 173 540.7

41



60
61
62
63

60

To

°F

81.4
79.3

Q.14 81.9
1'76 8109

Pde
F e
4,58
4,58
4,58
4,5k
4.49
4,47
4 bl
442
4,39
4,34
4,23
3.52

tﬂ

236,000
288,000
591,000
110,500
58,800
40,000
22,700
17,000
9,350
5,110
2,440

F psia pala

43,6 815 173
35.3 815 173
5.4 815 173
~-55.5 815 173

P TePo
g R
1.552 1.521
1,552 1.521
1.552  3.521
1.552 1.511
1.552 1,501
1.552 1.498
1.552  1.490
1.552 1.486
1.552  1.479
1.552  1.467
1.552 1,440
1.552 1,260

TO
°Fa‘bs
541.1
539.C
541.6

541.6

n

1.020
1,020
1.020
1.027
1.034
1.036
1,042
1,045
1.050
1.059
1.078
1.231

My = 1539 Tot?
187,000,000,000
239,000,000,000
490,000,000,000

91,560,000, 000
48,900,000,000
33,400,000,000
18,900,000,000
14, 200,000,000

7,790,000,000

4, 240,000,000

2,030,000,000

L4 36, 300,000



Initial pressure = 600 psig

Te
mv

Tf Ta

nv

1,11 0.80 8

1.10 0.84
1.08 0.76
1.10 0.78
1,10 0.82
1.06 0,61
1.05 0,60
1,08 0.64
1.05 0.72
1.08 0,39
1,08 0,09
1.05 «1.15

Run

64
65
66
67
68
69
70

1

72
73
74
75

Run

64
65
66
67
68

Po
Py
4,72
4,72
4,72
4,72
4,72
4,72
4,72
4,72
4,72
4,72
4,72
4,72

t

379.2
623.5
382,2
425.6
522,8

°F
2.3

81.9
81.0
81.9
81.9
80.1
9.7
81.0
79.7
81.0
81.0
79.7

Po’ff
4,60
4.62
4,60
4,59
4.61
4,55
4,54
4.55
4,59
4,45
4,33
3.82

Tp

PQ Pf

°F psia psla

68.5 615 130
70.3 615 130
66,8 615 130
67.6 615 130
69.4 615 130
60.1 615 130
59.6 615 130
61.4 615 130
65.0 615 130
50.0 615 130
36.2 615 130
23.8 615 130

P
=
1.552
1.552
1.552
1.552
1.552
1,552
1.552
1.552
1.552
1.552
1,552
1.552

te

144,000
389,
146,
181,
274,000

ToPo
1n:§:§;
1,528
1.529
1.528
1,522
1.529
1.515
1,512
1.515
1.522
1.492
1,465
1.340

Teo
°Fa‘bs
542,3
541.9
541.0
541.9
541.9
540,1
539.7
541.0
539.7
541.0
541.0
539.7

n

1,016
1.015
1.016
1,020
1.015
1.024
1.026
1,024
1.020
1.040
1.060
1.158

120,000,000,000

000  324,000,000,000
000  122,000,000,000
000  151,000,000,000

229,000,000,000

@
Fabs

528.5
530.3
526,8
527.6
5294
520.1
519.6
521 .4
525.0
510.0
496.2
436.2

43



[

5

f
-
b
L
14
L

3.5

Run

76
77
78
79
80
81
82
83
84
85
86
87

Run t t2 Ty = 1539 Tot?®

69 172.7 29,800 24,800,000,000

70 177.5 31,500 26,200,000,00C

71 209.7 44,000 36,600,000,000

72 283.4 80,000 66 ,400,000,000

73 103.4 10,700 8,910,000,000

74 61,6 3,800 3,160,000,000

75 8.3 69 57,200,000

Initiel pressure = 500 pslg

Te Tf ']‘.:e 2:- Po Pf °To
nv nv F F psla psla Fabs
1,00 0.68 T77.5 63.2 515 109 537.5
1.00 0,73 T7.5 64,5 515 109 537.5
0.99 0,72 T77.0 65.0 515 109 537.0
0.94 O.74 T4+.8 65.8 515 109 534.8
0.94 0,55 T4.8 57.3 515 109 534.8
0.99 0.58 T7T7.0 58.7 515 109 537.0
0.91 0.5% T73.5 56,8 515 109 533.5
0.91 0.55 T73.5 57.3 515 109 533.5
0.92 0,59 73.9 59.1 515 109 533.9
0.98 0.28 76,6 45,0 515 109 536.6
0.97 0.35 T6.1 48,2 515 109 536.1
1.02 -1.48 T78.4 <40.,8 515 109 538.4

. PoT T.Po

Run %: ?§f§ 1n'§§ 1n T%F; n
76 4.72 4.59 1,552 1,523 1.019
77 4.72 4.60 1,552 1.527 1.0317
78 4,72 4.61 1,552 1,529 1.015
79 4,72 4.65 1.552 1.538 1.010
80 4.72 4.57 1.552 1.520 1.021
81 4,72 4.56 1,552 1.519 1.02z2
82 4,72 4.57 1.852 1.520 1.021
83 4,72 4,58 1.552 1.521 1.020
8% 4,72 4.59 1.552 1.523 1.019

[-]
Fabs

523.2
524,5
525.0
525.8
517.3
518.7
516.8
517.3
519.1
505.0
508,2
419.2

ddy



&,

Run

85
86
87

Run

76
7
78
79
80
81
82
83
84
85
86
87

'dl;ﬂ

'y
4,72
4,72
4,72

t

297.8
378.6
5TT.T
907.8
204,5
217.9
292.4
232.6
446.9
89.8
114,6
8.4

EoTy

ifié

b 4
4 47
3.68

t

88
143
334
823

b1

47

85

54
199

8

13

, 700
,000
,000
,000
,800
,500
,500
,000
,000
,080
,100

7

Py PoT,

In s-m= n

1.490
1.499
10303

Ty = 1539 Tet

73,400,000,000
118,000, 000,000
405,000,000, 000
676,000,000,000
34, 400,000,000
39,200,000, 000
70,100,000, 000
44, 300,000,000
163,000,000, 000
6,660,000,000
10,800,000,000
58,500,000

1.041

1,035
1.190

3

Pressure ratio of 3.00 (ratio of absolute pressures).

4.1

Run

88
89
90
91
92
93
o4
95
96
o7
28
99

Initisal pressure = 900 psig
To

Te
nv

1.08
1.08
1.05
1.08
1,10
1.14
1.15
1.11
1.14
1,08
1.09
1.05

mv

0.48
0.52
0.64
0.53
0.61
0.85
0.72
0.74
0.41
0.65
-1,02
8.00

°F

81.0
81,0
9.7
81.0
81.9
83.6
84,0
82,3
83.6
81.0
81.4
9.7

ped
F
54.1
55.9
61.4
56.4
60.0
70.8
64.9
65.8
50.9
61.8
«17.4
32.0

psia psia °F
915 305 54

abs
1.0

915 305 541.0

915 305 539.7

915 305 541.0
915 305 541.9

915 305 543.6
915 305 544,0
915 305 542.3
915 305 543.6

915 305 541,0

915 305 54

1.4

915 305 539.7



PoT

Run §§ f;f: In §? in ?fTo n

88 3.00 2,85 1.099 1,047 1,051
89 3,00 2,86 1,099 1,051 1.047
90 3,00 2,90 1,099 1.065 1.032
91 3,00 2,86 1,099 1.051 1.047
92 3,00 2,88 1,099 1,058 1,040
93 3,00 2,97 1.099 1.089 1.010
94 3,00 2,89 1,099 1,081 1.027
95 3,00 2,91 1.099 1,068 1.030
96 3.00 2,87 1,099 1.054 1,042
97 3,00 2.89 1,099 1,061 1.037
98 3,00 2,45 1,099 0,896 1.228
99 3.00 2.53 1.099 0,928 1.186

Run. t t® Ty = 1539 Tot?

88 143,1 20,500 11,350,000,000
89 187.7 35,200 29,300,000,000
90 314.,9 99,000 82,200,000,000
91 207.3 42,900 35,790,000,000
92 296.8 88,000 73,400,000,000
93 937.9 880,000 735,000,000,000
94 402.8 162,000 139,500,000,000
95 626.,4 393,000 328,000,000,000
96 116.5 13,580 11,350,000,000
97 449.3 202,000 168,000,000,000
98 7.0 49 40,800,000
99  4T.7 2,275 1,890,000,000

4,2 Initiel pressure = 600 psig

° © e
v nv F F psia psia “F_. gbs

100 1.05 0.39 79.7 50.0 615 205 539.7 510.0
101 1,08 0.45 81,0 52,7 615 205 541.,0 512.7
102 1,08 0,48 81.0 54,1 615 205 541,0 514.1
1035 1.03 0,55 T78.8 56.4 615 205 538.8 516.4
104 1,02 0,56 78,4 57.8 615 205 538.4 517.8
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© © -] L]
nv mv F ¥ psia psia Fa,bs Fabs

105 1,04 0.65 79.2 61.8 615 205 539,2 521.8
106 1,08 =-0.89 81.0 «10.8 615 205 541,0 449.2
107 1.00 0.67 77.5 62.7 615 205 537.5 522.7
108 0.91 0.63 T73.4 60,9 615 205 533.4 520.9
109 0,95 0.65 75.2 61.8 615 205 535.2 521.8
110 1.01 0.73 T78.0 65.4 615 205 538.0 525.4
111 1.00 0.75 T7.5 66.3 615 205 B537.5 526.3
112 1,08 -0.73 81.0 « 2.9 615 205 541,0 457.1
113 1.09 0.10 81.4 36,7 615 205 541.4 496.7

PoT PoT,

Po £ Pe
le F; P'J'fT'e' in Pf ln —Pf'T: n

100 3,00 2,84 1,099 1,044 1,053
101 3,00 2.8% 1,099 1.044 1.053
102 3,00 2,85 1,099 1,048 1.050
103 3,00 2,88 1,099 1,058 1.040 .
104 3,00 2.89 1,099 1,061 1,037
105 3,00 2,90 1,099 1,065 1.033
106 3,00 2,49 1,099 0,914 1,204
107 3.00 2.92 1,099 1.071 1,027
108 3,00 2,93 1,099 1.075 1,023
109 3,00 2,92 1.099 1.071 1,027
110 3,00 2,93 1,099 1,075 1,023
111 3,00 2,94 1,099 1,079 1,020
112 3,00 2,54 1,099 0,933 1.180
113 3,00 2,75 1.099 1.011 1,088

Run t t? T, = 1539 Tot?

100 105.1 11,050 9,170,000,000
101 118.9 14,100 11,750,000,000
102 132,7 17,600  14,650,000,000
103 156.,4 24,500 20,300,000,000
104 211.0 44,500 36,800,000, 000
105 281.,7 79,000 65,500,000,0C0
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Run t t2 My = 1539 Tot®

106 5.4 29 24, 300,000
107 353.3 125,000 103,500,000,000
108  384.8 148,000 121,500,000,000
109 476.6 227,000 187,000,000,000
110  753.5 567,000 469,000,000,000
111 520.4 271,000 224,000,000,000
112 20.3 412 343, 000, 000
113 48,8 2,380 1,985, 000,000

4,3 Initial pressure = 1200 pslg

Run To Tf Te Tf Po Pf Te T

° ° ‘ 4 [ °
mv mv F F pslie psisa Fabs Fabs

114 1.10 0.76 8l.9 66,8 1215 405 541.9 526.8
115 1,06 0.64 80.1 61.4 1215 405 540.1 521.4
116 1,07 0.59 80.6 59.1 1215 405 540.6 519.1
117 1.06 ©0.60 80,1 59.6 1215 405 540.,1 519.6
118 1.06 0.48 80.1 54,1 1215 405 540,1 514.1
119 1.09 0.42 81,4 51.4 1215 405 541.4 511.4
120 1.09 ©0.38 8l.4 49,5 1215 405 S4L.4 509.5
121  1.07 0.28 80.6 45.0 1215 405 540.6 505.0
122 1.07 0.19 80.6 40.9 1215 405 540.6 500.9
123 1.08 ©.11 81,0 37.1 1215 405 541.,0 497.1
124 1.08 -0.04 81.0 30.1 1215 405 541.0 490.1
125 1,12 -1.13 82.8 =-22.8 1215 405 542.8 437.2

oun  Be Pl 1nBe 1n Ply
Py B Te P, BT

114 3.00 2.92 1,099 1.072 1.026
115 3,00 2.90 1.099 1,065 1,033
116 3,00 2.88 1,099 1,058 1,040
117 3.00 2.88 1.099 1,058 1.040
118 3,00 2.85 1,099 1.048 1,050
119 3,00 2,83 1.099 1.040 1.058
120 3.00 2.82 1.099 1,038 1.060
121 3,00 2,80 1.099 1,030 1,068
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POTf P POTf

Po ©
Run - Sr— In 5= 1n . n

122 3,00 2,77 1,099 1,020 1.079
123 3.00 2.76 1,099 1,015 1.084
124 3,00 2.72 1.099 1,000 1.099
125 3,00 2.42 1,099 0,885 1,243

Run t £2 i, = 1539 Tot®

114  720.9 520,000  434,000,000,000
115 446.2 199,000  165,500,000,000
116 300.8 90,000  T4,900,000,000
117 386.2 149,000  124,000,000,000
118 234.3 55,000  45,700,000,000
119 187.8 35,300  29,400,000,000
120 154%.0 23,700  19,700,000,000
121  125.8 15,800  13,150,000,000

122 96.4 9,290 7,730,000,000
123 77,5 6,000 5,000, 000,000
124 52,1 2,710 2,260,000,000
125 4.4 19 16,200,000

5, Pressure ratio of 6,50 (ratio of @bsolute presgsures).
5,1 Initial pressure = 1200 pslg

Run Teo Tf 'Eo 'ff P: Pf . To . Tf

nv mv F F psis psla Fabs Fabs
128 1,15 0,70 84.0 64,1 1215 187 544.,0 524.1
129 1.12 0.54% 82,7 56.83 1215 187 542.7 516.8
13 1,10 0.60 81.9 59.6 1215 187 541.9 519.6
131 1.04 0,40 79.3 50,5 1215 187 539.3 510.5
132 1,02 0.45 78.4 52.7 1215 187 538.4 512,7
133 1,01 0.4 78.0 50,5 1215 187 538.0 510.5
134 1,06 0.38 80.1 49.5 1215 187 540.1 509.5
135 1,07 0.33 80.6 47.2 1215 187 540.6 507.2
136 1.09 0.26 81.4 44,0 1215 187 541.4 504,0
137 1,10 0.22 81.9 42,2 1215 187 541.9 502.2




Po Pf To T

[-] (<]
F psila psia °F

[-]
nv nv F ebs abs

138 1,10 0,09 81,9 36.2 1215 187 541.9 496.2
139 1,10 -0.20 81,9 22,6 1215 187 541.9 482.6
140 1,11 -2,26 82,3 -82.6 1215 187 542.3 377.4
PoT

Po T Po £

128 6.50 6.26 1.870 1.834 1,020
129 6,50 6,19 1.870 1,823 1.026
130 6.50 6.23 1,870 1,829 1,023
131 6.50 6.16 1,870 1,818 1,029
132 6,50 6.19 1,870 1.823 1.026
133 6,50 6,17 1.870 1,820 1,028
134 6,50 6,13 1,870 1.813 1.032
135 6,50 6,100 1,870 1,808 1.035
136 6.50 6,05 1.870 1,800 1,039
137 6.50 6,02 1,870 1,795 1,042
138 6,50 5.95 1,870 1,783 1,050
139 6,50 5.79 1.870 1.756 1,066
140 6.50 4,53 1,870 1,510 1,240

Run t t® Ty = 1539 Tot?

128 869.9 758,000 634,000,000,000
129  477.0 228,000 190,500,000,000
130 583,9 340,000 283,500,000,000
131 357.8 128,000 106,200,000,000
132 456.9 209,000 173,000,000,000
133  384.1 147,500 122,000,000,000
134  309.1 95,500 79,400,000,000
135 250.8 62,900 52, 300,000,000
136 214,6 46,000 38,400,000,000
137 187.2 35,000 29,200, 000,000
138 1%2.9 17,650 14, 700,000,000
139 72.8 5,300 4,420,000,000
140 6.9 48 39,600,000
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5.2

Run

126
127
141
142
143
144
145
146
147
148
149
150
151

Tnitial pressure = 600 psilg

Te
nv

0.98
0.98
1.01
1.04
1.05
1,06
1.07
1.09
1.07
1.09
1.09
1.11
1.11

Run

126
127
141
142
143

Te

mv
0.25
0.59
0.62
0.68
0.77
0.74
0.72
0.56
0.50
0.34
0.28
-0.03
-2.14

P
t

144 6,5

145

146 6.5

147

148 6.5

149

150 6.5

151

Run

126

128.9

To
°F
76.6
T76.6
78.0
79.3
T9.7
80.1
80.6
81.4
80.6
8l.4
81.4
82,3
82.3

POTf
ifT ©

6.50 6.09
6.50 6.28
6.50 6.29
.50 6430
65.50 6435

0 6.33

6.50 6.31

0 6.21

6,50 6419

0 6.09

6.50 6.06

0 5.89

6,50 4,60

t

Te
°F
43,6
59.1
60.5
63.2
67.2
65.8
65.0
57.8
55.0
47,7
45,0
30.6

~76.1

in ;; In

1.870
1,870
1.870
1,870
1,870
1,870
1.870
1,870
1.870
1,870
1,870
1,870
1.870

tﬂ

16, 600

Po

psia psla

615
615
615
615
615
615
615
615
615
615
615
615
615

Pe

95
95
95
95
95
95
95
95
95
95
95
95
95

PJTf
ifiﬁ

1,807
1.837
1.839
1.841
1,848
1,845
1.842
1.826
1.823
1,807
1.802
1,773
1.526

Te
°Fa:ba
536.8
536.6
538.0
539.3
539.7
540.1
540,6
541 .4
540.6
541 .4
B541 .4
542,3
542.,3

1.036
1.019
1.018
1.017
1,012
1,014
1,016
1.025
1.027
1.036
1.039
1,055
1,227

Mo = 1539 Tot®
13, 700,000,000



Run t t® My = 1539 Toet?

127  408.4 166,000 137,000,000,000
141  299.2 89,900 74,400,000,000
142  357.4 127,500 106,000,000,000
143 745,54 555,000  461,000,000,000
144 595.,4 355,000 295,000,000,000
145  475.8 226,000 188,000,000,000
146 227.8 51,900 43,200,000,000
147 173.5 30,100 25,100,000,000
148 127.5 16,200 13,500,000, 000

149 100,8 10,150 8,460,000,000
150 54.6 2,990 2,490,000,000
151 54 29 24,400,000

5.3 Initial pressure = 900 psig

(-] © © ©
mv nv F F psla psia Fabs Fabs

152 1.08 0,74 81,0 65.8 915 141 541.0 525.8
153 1.15 0.78 84,0 67.6 915 141 544.,0 527.6
154 1.13 0.75 83.2 6643 915 141 543,2 526.3
155 1.15 0,67 84.0 62.7 915 141 544.,0 522,7
156 1.16 0.69 84,9 63.6 915 141 5449 523.6
157 1.16 0.67 84,9 62,7 915 141 544.,9 522.7
158 1.16 0.61 84,9 60,0 915 141 544,9 520.0
159 1,16 0.64F 84,9 61,4 915 141 544,9 521.%
160 1.17 0.51 85.1 55.5 915 141 545.1 515.5
161 1.17 0.39 85.1 50.0 915 141 545.1 510.0
162  1.17 0.25 85.1 43,6 915 141 545.1 503.6
163 1.17 =-0.30 85,1 17.9 915 141 545.1 477.9
164 1,18 -2.,40 85.3 -90,2 915 141 545.3 369.8

PoT PoT
Po £ Po f

152 6,50 6.32 1,870 1,844 1,013
153 6,50 6,30 1.870 1.841 1.016




PeT PoT
Fo T Po f
Run S Y In %= 1In T n
Frf f -] Pf f [
154 6,50 6.30 1,870 1.841 1.016

155 6,50 6.25 1,870 1.833 1,020
156 6.50 6,25 1,870 1.833 1,020
157 6,50 6.24% 1,870 1,831 1,021
158 6,50 6,21 1.870 1,826 1,024
159 6,50 6,23 1.870 1,829 1,022
160 6.50 6.15 1.870 1.816 1,030
161 6,50 6,09 1,870 1,807 1,036
162 6,50 6,00 1,870 1,792 1,043
163 6,50 5.70 1,870 1.740 1,075
164 6,50 4,41 1,870 1.484 1,260

Run t t? Mo = 1539 Tot?®

152 520.1 270,000 225,000,000,000
153 672.8 452,000 378,000,000,000
154 567.7 322,000 269,000,000,000
155 397.2 158,000 132,200,000,000
156 441,2 199,500 163,000,000,000
157 401.9 161,500 135,500,000,000
158 265.5 70,500  59,000,000,000
159 292,2 85,300  7T1,400,000,000
160 205.4 42,100  35,300,000,000
161 162.1 26,300  22,050,000,000
162 103.7 10,750 9,010, 000,000
163 56.6 3,200 2, 685,000,000
164 5.2 27 22,700,000

Ui
4



6.

CALCULATIONS -~ SMALL TANK
CHARGING

Pressure ratio of 4,72 (ratio of sbsolute pressures) .,

6.1

Run

165
166
167
168
169
70
171
172
173
174

Final pressure = 600 psig

Te Tf Te T Pe Ef Te
mv mv °F °§ psla psila °Fabs
1.09 2.61 8l.4 145.9 130 615 54l.4
1,10 2.44 81,9 138.8 130 615 541.9
1,10 1.50 81.9 99.3 130 615 541.9
1,04 1.72 T79.3 108.7 130 615 539.3
1.04 1.55 79.3 101.4 130 615 539.3
1.09 1.50 81.4 99,3 130 615 541.4
1.10 144 81,9 96.7 130 615 541.9
1,10 1.40 81,9 94,9 130 615 541.9
1,08 1,78 81,0 111.3 130 615 541.0
1,10 1.45 81,9 97.1 130 615 541.9
P, P.To P P.To

o ow omdy
165 4.72 4.22 1,552 1,437 1,081
166 4,72 4,27 1.552 1.452 1,069
167 4.72 4.58 1.552 1,522 1,020
168 4,72 4,48 1,552 1,500 1,035
169 4,72 4.53 1,552 1,511 1,028
170 4,72 4,57 1.552 1.520 1,021
171 4,72 4,60 1.552 1,526 1,018
172 4,72 4.61 1,552 1,528 1.016
173 4,72 4.47 1,552  1.497 1.039
174 4,72 4,59 1.552 1.524 1,019
Run t t® Ty = 1539 Tot?

165 17.2 296 247,000,000

166 18.8 354 295,000,000

167 203.0 41,200 34,400, 000,000

168 89.2 7,970 6,620, 000,000

T
°Fa.bs
605.9
598.8
B559.3
568.7
561 .4
559.3
556.7
554,9
571.3
557.1



6.2

175
176
177
178
179
180
181

182

183
184
185
186

Run t t? T, = 1539 Tot?®
169 162.8 26,500  22,000,000,000
170 254.,9 65,000 54,200, 000,000
171  301.2 90,600 75, 600,000,000
172  441.6 195,000 162,800,000,000
173 8T.4 7,630 6, 350,000,000
174 295.2 87,000 72,600,000,000
Final pressure = 1000 psig
To T To T Pe P To
mnv mg °F °§ psia psi£ chbs
1,10 1.48 81,9 98.4 215 1015 541.9
1,09 1.55 81,4 101.4 215 1015 B541.4
1.08 1,50 81.0 99,3 215 1015 b541,0
1,07 1.43 80.6 96.2 215 1015 540.6
1;05 1,42 79,7 95.8 215 1015 539.7
0.99 1.35 77.0 92,8 215 1015 537.0
0.97 1.55 76.1 101,44 215 1015 536.1
0.99 1.54 T77.0 101,0 215 1015 537.0
1,00 1.45 77.5 97.1 215 1015 537.5
0.98 1,55 T76.6 101,4 215 1015 536.6
1,01 1,72 78.0 108.7 215 1015 538.0
1,01 2.15 78.0 126,8 215 1015 538.0
P P.To P P.To
Run  po §§E; In g 1In f%T; n
175 4,72 4.59 1,552 1,524 1,018
176 4,72 4,55 1,552 1.515 1,025
177 4,72 4,57 1,552 1,520 1.021
178 4,72 4,59 1,552 1,524 1,018
179 4,72 4.59 1.552 1,524 1,018
180 4,72 4,59 1.552 1,524 1,018
181 4,72 4,51 1,552 1,506 1,031
182 4,72 4,51 1.552 1,506 1.031



PfTo 1n P 1 Pf ‘o

5t = 1lnsm— n
Pon P Pon

183 4,72 4,55 1,552 1.515 1.025
184 4,72 4,51 1,552 1.506 1.031
185 4,72 4,47 1,552  1.497 1.037

186 4,72 4.33 1,552 1.466 1,060

"dl"d
o |+

Run

Run t t® o = 1539 Tot®

175 484.9 235,000 196,000,000,000
176 313.2 98,000  81,600,000,000
177 340.1 115,500  96,200,000,000
178 630.5 397,000  330,000,000,000
179 370.2 137,000 114,000,000,000
180 A447.2 200,000  165,500,000,000
181  171.1 29,300  24,200,000,000
182  170.% 29,000  24,000,000,000
183 271l.4 73,600  60,900,000,000
184 161.1 26,000  21,500,000,000
185  104.4 10,900 9,030,000,000
186  37.8 1,430 1,180,000,000

7. Pressure ratio of 3.00 (ratio of absolute pressures)
7.1 Final pressure = 600 pslg |

Run Ts Tf 'Eo ‘E; P‘e Pf o To o Tf
mv nv °F psia psle Fabs Fabs
187 1.09 1.41 81.4 95.4 205 615 BALl.4 555.4
! 188 1,10 1,38 81.9 94.1 205 615 541.9 554.1
| 189 1.09 1,33 8l.4 91.9 205 615 541l.4 551.9
. 190 1.08 1,28 81.0 89.7 205 615 B541,0 549.7
| 191 1,10 1.26 81.9 88,8 205 615 541.9 548.8
| 192 1,05 1.35 T79.7 92.8 205 615 539.7 552.8
. 193 1.07 1.50 80.6 99.3 205 615 540.6 559.3
| 194 1,07 1l.44 8.6 96.7 205 615 540.6 556.7
195 1.07 1.68 80.6 107.0 205 615 540.6 567,0
196 1,07 1.65 80.6 105,7 205 615 540.6 565.7

(O
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Run

197
198

Te
mv
1.08

1.08

Run

187
168
189
190
191
192
193
194
195
196
197
198

Run

187
188
189
190
ic1
192
193
194
195
196
197
198

T Teo
T
nv °F

T
°F

1.89 81.0 115,8
2,25 81,0 131.0

Pe

P PoT.

P.To P
1n e 1n

f

3,00 2,92 1,099
3,00 2,94 1,099

3,00 2

94 1,099

3.00 2,95 1.099
3,00 2,96 1,099
3,00 2,93 1,099
3,00 2,90 1,099
3,00 2,92 1,099
3.00 2,86 1,099
3,00 2,87 1,099

3.00 2,

82 1,099

3,00 2,75 1.099

t

255.3
347.8
423.2
688.8
552.5
325.0
186.3
214 .4
96.6
110.0
50,4
23.6

tﬂ

65,000
121,000
179,000
474,000
305,000
105,500

34, 700

46,000

9,330
12,100
2,540
558

Po Pf
psia psia

205 615
205 615

PfTo

PoT,
1.072
1,078
1,078
1,082
1,082
1.075
1,065
1.072
1.051
1.054
1,037
1.012

Te
©
Fa‘bs
541.0

541.0

n

1.025
1,020
1,020
1,015
1.015
1.022
1.032
1,025
1,045
1.042
1,061
1,086

Ty = 1539 Tot®

54,100,000, 000
101,000, 000,000
149,000;000,000
394,000,000, 000
254,000,000, 000

87,500,000,000

28,900,000, 000

38, 300,000, 000

7,760,000,000

10,100,000, 000

2,115,000,000
465,000,000



7.2 Final pressure = 1200 psig

Run Te Tf To Tf Peo Pf To Tf

° © ' ° ©
mv mv F F psla psia Fabs Fabs

199 1.10 1.50 81,9 99.3 405 1215 541.9 559.3
200 1,06 1,45 80,1 97.1 405 1215 540.1 557.1
201 1.,01 1.36 T78.0 93.2 405 1215 538.0 553.2
202 1,01 1l.44 78,0 96,7 405 1215 538.0 556.7
2803 1,00 1,39 77.5 94.6 405 1215 537.5 5%54.6
204 0,99 1,31 77.0 91,0 405 1215 538.0 553.2
205 0.96 1,60 75,7 103.6 405 1215 535.7 563.6
206 0.97 1,55 T76.1 101.4 405 1215 536.1 561.4
207 0.97 1,50 76,1 99.3 405 1215 536.1 559.3
208 0,98 1,80 76,6 112.1 405 1215 536.6 572.1
209 0,99 1.96 T77.0 118.,8 405 1215 537.0 578.8
210 1,00 2.65 T7.5 147.5 405 1215 537.5 607.5
P P.To P.To

Run F:E- F%T; lnF: 1n:-f,-:~E—T—f- n

199 3,00 2,91 1,099 1,068 1.030

200 3,00 2,91 1,099 1,068 1,030

201 3,00 2,92 1,099 1,072 1,025

202 3,00 2,90 1,099 1,065 1,032

203 3,00 2,91 1,099 1,068 1,030

204 3,00 2,92 1,099 1,072 1,025

205 3,00 2,86 1,099 1,051 1,046

206 3,00 2.86 1,099 1,051 1,046

207 3,00 2,88 1,099 1,058 1,039

208 3,00 2,81 1,099 1,033 1,063

209 3,00 2.78 1.099 1,022 1.074

210 3,00 2,65 1,099 0.975 1.128

Run t t® Ty = 1539 Tot®

199  314.0 98,600  82,300,000,000
200 386.6 149,500  124,000,000,000
201 516.6 267,000  221,000,000,000




Run t t® T, = 1539 Tot?
202 314.2 98,700  81,600,000,000
203 455.3 207,000 171,000,000,000
204 637.6 335,000 335,000,000,0C00
205 142.4 20,300  16,700,000,000
206 107.2 29,000  23,900,000,000
207 223.4 49,900  41,200,000,000
208  85.7 7,350 6,060,000,000
209 63,0 3,960 3,270,000,000
210  13.9 193 193,000,000

8, DPressure ratioc of 6.50 (ratio of absclube pressures).

8,1 Final pressure = 1200 psig
Run Te T To T P P To T
nv m% °F °§ psia psig °Fabs °Fa§8
211 1,00 1,44 T77.5 96,7 187 1215 537.5 5567
212 1,00 1,37 T77.5 93.6 187 1215 537.5 553.6
21% 0.98 1,49 76,6 98,8 187 1215 536.6 558.8
214 0,98 1l.45 T76.6 97.1 187 1215 536.6 557.1
215 0.98 1,39 76.6 94.5 187 1215 536.6 554.5
216 0,95 1,70 T75.2 107.9 187 1215 535.2 567.9
217 1,00 1,68 77.5 107.0 187 1215 537.5 567.0
218 0,96 1,63 T75.7 104.9 187 1215 535.7 564.9
219 0,95 1.,48 75.2 98,4 187 1215 535.2 558.4
200 0.94 1,50 T74.8 99.3 187 1215 534.8 559.3
001 0.91 1.77 T3.4 110,9 187 1215 533.4 570.9
p22  0.97 1.90 T76.1 116.3 187 1215 536.1 576.3
22% 0,95 2,02 T75.2 121,3 187 1215 525.2 581.3
ol 1,00 2436 T7.5 135.5 187 1215 537.5 595.5
P P.To P P.Te

Run §§ ?§§; ln,§§ in ?%T; n

211 6,50 6.27 1.872 1.836 1,019

212 6.50 6.31 1,872 1.842 1,016

213 6.50 6.25 1,872 1,833 1.021



P, BT P, P T
R By BOT, g, BrE,

214 6,50 6,26 1.872 1,834 1,020
215 6,50 6,29 1,872 1.839 1.018
216 6,50 6,13 1,872 1.813 1.032
217 6,50 6,16 1,872 1.818 1,030
218 6.50 6,17 1,872 1,820 1,028
219 6,50 6,24 1.872 1.831 1.02z
220 6,50 6,22 1,872 1.828 1.023
221 6,50 6,06 1,872 1.802 1,039
222 6,50 6.05 1,872 1,800 1,040
223 6,50 5.99 1.872 1,790 1.046
224 6,50 5.86 1,872 1,768 1,059

Run t 2 Ty = 1539 Tot?

211 506.1 256,000 212,000,000,000
212 B804.0 647,000 535,000,000,000
213 406.8 165,000  136,000,000,000
014 453,0 205,000 169,000,000,000
215 650.5 424,000  350,000,000,000
216 162.5 26,400 21, 700,000,000
217 178.8 32,000  26,500,000,000
218 207.8 43,200  35,600,000,000
219 310.1 96,000  79,100,000,000
200 242.3 58,800  48,400,000,000
221 110.6 12,200  10,0C0,000,000

222 84,0 7,060 5 ,830,000,000
203 65.6 4,300 3. 540,000,000
oo 32,2 3,800 860,000,000

8.2 Final pressure = 600 psig

Run Teo Tf To T Po Pf To Tf
mv nv °F °§ psia psia °Fajbg eFabg

225 0,99 1l.42 T77.0 95.8 95 615 537.0 555.8
226 0.99 1.32 T7.0 91.4 95 615 537.0 551.4
227 0,97 1.43 T76.1  96.2 95 615 536.1 556.2

i
B
b
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(-} © © [+
nv mv F F psla psia Fabs Fabs

228 0,96 1,30 T5.7 90.6 95 615 535,7 550.0
229 0.93 1.23 T4.3 B87.5 95 615 534.3 SAT.5
230 0,92 1,16 73.9 845 95 615 533.9 5Shk.5
251 0,95 1.22 75.2 87.1 95 Al5 535.2 5AT.1
5 232 0.95 1.22 75.2 87.1 95 615 535.2 547.1
1 233 0,96 1.18 T75.7 85.3 95 615 535.7 545.3
. 234 0,91 1.24 T73.4 88,0 95 615 533.4 548.0
; 235 0,91 2,00 T73.4 120,5 95 615 533.4 580.5
| 236 0.92 1,93 T73.9 117.5 95 615 533.9 577.5
. 237 1,03 1.85 T78.8 1l4,2 95 615 538.8 574.2
; 228 1,06 1.56 80.1 101.,8 95 615 540.1 561.8
: 239  1.06 1.66 80.1 106.2 95 615 540.1 566.2
1 240 1.10 2,26 81,9 131.4 95 615 541.9 591.4

Run o P—'BF; 1n B in m n

205 6,50 6.28 1.872 1,837 1,020
226 6,50 6.33 1.872 1.845 1,014
227 6.50 6,26 1.872 1.834 1.019
228 6.50 6.33 1,872 1.845 1,014
209 6.50 6.34 1.872 1.874 1,013
230 6,50 6.36 1.872 1.850 1,012
231 6,50 6.36 1,872 1,850 1,012
232 6,50 6,36 1.872 1.850 1.012
233 6,50 6,39 1,872 1.855 1,010
234 6,50 6,32 1,872 1.844 1,015
235 6,50 5.96 1.872 1.785 1,049
236 6,50 6,00 1,872 1.792 1,044
237 6.50 6.10 1,827 1.808 1,036
238 6,50 6,25 1,872 1.833 1,021
239 6,50 6.20 1,872 1.825 1,026
240 6.50 5.95 1.872 1.883 1,050

:
|
i
4

.
i
[ |
i



Run

225
226
227
228
229
230
231
232
as3
234
235
236
237
238
239
240

223,9
Bhd 4
241.8
290.3
378.6
5864
3773
416,6
582,6
359.1

43,5

49.6

84,1

168.4 -

120.6
31.5

ta
50,000
119,000
58,500
84, 000
143,000
344,000
142,000
174,000
340,000
129,000
1,890
2,460
7,080
28,400
14,500
990

Ty = 1539 Tot?

41,300,000,000
98, 300,000,000
48, 300,000,000
69, 300,000,000
117,500, 000,000
282,000,000,000
117,000,000, 000
143,000, 000,000
280, 000, 000, 000
106,000 ,000,000
1,550,000,000
2,020,000,000
5, 860,000,000
23, 600,000,000
12,050,000,000
825,000,000



o)
A

Calculation of the overall coefficlent of heat transfer,

Assumptions: On slow runs (any run over three
minutes) the temperature of the air in the tank and of
the wall of the tank reach a steady state soon after the
start of the run and remain at or near these temperatures
for the remainder of the run,

Assume that there is enough mixing inside the
tank for the thermocouple reading to be a true average
reading of the temperature inside the tank,

Assume: T =T « T

8 ambient air wall steady state

Tsteady state” T overage wall

room temp, during run
= Tf - Twa1l av,
T, =T - T .
U amblent alr steady state inside

tank during run
= T{c - Tf

Heat flow from ambient air to wall of tank:
ag = hg & Ty

Heat flow from ambient air to air inside tank:
a = U by Ty

For steady state heat flow dg must = Ay

Therefore: hs At 'I‘s =U At TU
T
U=nmh »S
s TU

From Heat Transmission by McAdams, page 241, edq. 18)

T
h, = 0,27 (x=)0425 De = diam, in feet
S Do



64

Calculation of U for the Large Tank:
Do = Circumference __ 29,5

P - =5 % = 0,793 foot
Run To Tf 4Tl 4T2 4T3 Tl T2 T3
°F °F mv mv mnv nv mv mv

1 T7.4 32,0 2,36 2,66 2,85 0,590 0,640 0,713
9 77.0 53,5 2,72 2,93 3,18 0,680 0,733 0,795
21 T5.2 52,7 2639 2,67 2,87 0,598 0.668 0,718
26 76,7 43.9 2,72 3.15 3.44 0,680 0,788 0,860

T o oo mi *_Tz + 'I‘3
wall ave — "W T 3
Ts
Run Tl T2 T3 3TW TW TS TU -,f'{;
°F °F °F °F °F °p °F

1 59,1 61,4 64,6 185,1 61,7 15.7 45.4 0,346
9 63,2 65.5 68,3 197.0 65.7 11.3 23.5 0.481
21 59.5 62,6 64,9 187.0 62,4 12,8 22,5 0,569
26 63,2 68,0 TL.2 202,4 67,5 9.2 32,9 0,280

‘ Te 0.2 |

R 57953 (573 ° B /ur £4° OF
1 19,8 2,11 0,570 0,197
9 14,3 1,94 0.524 0,252
21 16.2 2,01 0,543 04309
26 11,6 1,85 0,500 0.140

Calculation of U for the Small Tank:

~_ Circumference _ 14,5 _

+ T

2




145
153

90
129
114
109

Run

33
53
49
79
72
145
153
90
129
114
109

Run

33
53
49
79
72

80,6
7844
82.3
4.8
797
80.6
34,0
797
82,7
81.9
75.2

2T
°F

140,.4
1364
139.5
141,9
148,1
146,2
143,3
142,9
138,.5
143,5
139.0

h

70.2 10.4
68,2 10,2
69.8 12,5
71.0 3.8
T4.0 5.7
73«1  Te5
TL.7 12,3
71.5 8e2
€9.3 13.4
71.8 10.1
69.5 5.7

BTU/hr ft* °F

0,615
0,612
0.645
0.478
0,529
0.567

0.297
0.357
0,342
0,202
0,205
0.273

4T2 Tl T2 Tl T2
mv mv mv °F °p
3,58 0,780 0,895 67.6 7T2.8
3.34 0,750 0,835 66.3 70,1
3,55 0,765 0,888 67.0 72,5
3.52 0,825 0,880 69.7 T2.2
3,97 0,855 0,992 71,0 77,1
3.78 0,860 0,945 71l.2 T75.0
3,61 0,835 0,903 70.1 73.2
3,68 0,810 0,920 69.0 73.9
3.4 0,773 0.860 67.3 7Tl.2
3,57 0,850 0,893 70.8 72,7
3,45 0,780 0,863 67.6 Tl
T Eﬁ TS ( ?Bf )0.25
v T 0.385 '0.365
mv U '
21.5 0,484 27,0 2,28
17,5 0,583 26,5 2.27
23,6 0,530 32.5 2,39
9.0 0,423 9.9 1.77
14,7 0,388 14,8 1,96
15,6 0,481 19,5 2,10
16,4 0,750 32,0 2.38
18,3 0,448 21,3 2,15
25,9 0,518 34,8 2,43
15,1 0,669 26,3 2,27
13.4 0,425 14,8 1,96
Run h U
BTU/hr £t? °F
153 0,643 0.482
90 0,580 0,260
129  0.655 0,339
114 0,613 0.410
109 0.529 0.225
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