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ABSTRACT 

A boron injection tank (BIT) is a component of some Pres

surized Water Reactor Safety Systems such as that of Indian 

Point Power Plant, Unit No. 2. The tank is filled with borated 

water and pressurized by a nitrogen blanket at 80 psig. Accurate 

evaluation of the gas polytropic index during the expansion pro

cess is important to assure required flow from the boron injection 

tank (BIT).  

In view of the inherent difficulties associated with full 

scale in-plant testing, an experimental setup simulating the boron 

injection safety system of Indian Point Unit No. 2 was developed.  

Such an experimental setup was used to evaluate the gas polytropic 

index under different test conditions such as different initial 

gas properties (temperature, pressure, volume), different gas 

expansion rates, and different rates of heat transfer to-the gas.  

At the end of an expansion process simulating Indian Point 

Unit No. 2 BIT operation (with N 2 regulator valve open and after 

removing 1000 gallons of liquid) the gas polytropic index was 

found to be .363. However for a more conservative situation of 

closed N 2 valve and after the gas pressure dropped to 37 psia, 

the gas polytropic index was found to be close to 1.0 under all 

test conditions. Moreover, the gas polytropic index was found 

to be a monotonically decreasing function of time. Furthermore, 

it was found that the heat transfer from the tank-walls to the 

gas had a minor effect on the polytropic index.  

The gas expansion rate affected the test duration and 

accordingly the gas polytropic index. However, after a certain 

time from starting the expansion process, the gas polytropic 

index was independent of the expansion rate.
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Sect ion 1

INTRODUCTION 

Nuclear power plants are designed with very reliable safety 

systems that will allow, among other features, the removal of 

decay heat from the nuclear reactor core and the containment in 

emergency or normal shutdown situations. The safety systems for 

Indian Point Unit 2 are provided with three sources of coolant: 

a boron injection tank containing 11.5% to 13% by weight of boric 

acid solution, a refueling water storage tank with a boron concen

tration of at least 2000 ppm, and four accumulators with a boron 

concentration of at least 2000 ppm. The boron injection tank is 

pressurized by a nitrogen blanket at a pressure of approximately 

80 psig, the refueling water tank is at atmospheric pressure, 

and the accumulators are partially filled and pressurized 

with nitrogen at 600 psig.  

The main purpose of the boron injection tank and associated 

hardware is to control reactivity when a steam line (secondary 

system) is ruptured. A rupture of a steam pipe is assumed to 

include any accident that results in an uncontrolled steam 

release from the steam generator. The release can occur due to 

a break in a steam line or a valve malfunction. The uncontrolled 

steam flow causes a higher rate of heat removal from the reactor 

coolant system and accordingly a lower coolant temperature and 

pressure. Lower coolant temperatures result in a reduction of 

core shutdown margin. If the most reactive control rod is 
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assumed to be stuck in its fully withdrawn position, there is a 

possibility that the core will become critical and return to 

power even with the remaining control rods inserted. The borated 

water from the boron injection tank is injected to shut down the 

reactor.  

The Indian Point Unit No. 2 safety injection system consists 

of three high head safety injection pumps, a refueling water 

storage tank, a boron injection tank, and a nitrogen gas supply 

system. The boron injection tank is pressurized by a nitrogen 

blanket at a pressure of approximately 80 psig high enough so 

that the safety injection pumps preferentially take the borated 

water from the boron injection tank rather than the refueling 

water storage tank.  

Previous work on accumulators (1) indicated the importance 

of a realistic assessment of the thermodynamic behavior of the 

-nitrogen gas in a pressurized tank. However, no experimental 

data is available to calculate the polytropic gas index of 

nitrogen as it expands under conditions typical of that in the 

boron injection tank. Accordingly, the main objective of the 

present work was to experimentally evaluate the nitrogen poly

tropic index of the Indian Point Unit No. 2 boron injection 

tank under different test conditions such as gas i nitial volume, 

pressure and temperature, gas expansion rate, and rate of heat 

transfer to the gas from the tank-walls. Three heat transfer 

cases (from tank walls to the gas) are considered, namely: 

Case I with a relatively high rate of heat transfer, Case II
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with almost zero heat transfer, and Case III with hefit transfer 

typical for Indian Point Unit No. 2. In view of the inherent 

difficulties associated with full scale testing, a scaled model 

of the actual boron injection system has been designed. Section 

3 describes the scaling criteria considered in order to assure 

that model performance will be representative of actual system 

behavior.  
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Section 2

DESCRIPTION OF ACTUAL SYSTEM 

Figure 1 is a schematic diagram of the Indian Point Unit 

No. 2 safety injection system including the boron injection tank, 

the refueling water storage tank, the safety injection pumps, 

and the reactor coolant system piping. Figure 2 is a simplified 

diagram of the system. The boron injection tank (BIT) has a 

cylindrical shape and is 12 feet long and 6.5 feet in diameter.  

The tank contains not less than 1640 gallons of borated water.  

Two electric heaters are used to keep the solution temperature 

at least 145'F. If the reactor coolant pressure drops, the 

containment pressure increases, the pressure difference between 

two steam generators increases, or the steam flow in any of the 

steam lines increases, a safety injection signal is generated 

which opens the BIT isolation valves and starts the safety 

injection pumps. When the solution is nearly expended, a low 

water level signal automatically recloses the isolation valves 

to isolate the tank, allowing flow to the safety injection 

pumps from the refueling water storage tank. The best estimate 

method dictates operation of 2 SI pumps. Conservatively, how

ever, all of the three safety injection pumps have been assumed 

to be operational when the safety injection signal is received.  

Each pump is a multi-stage centrifugal pump with design conditions 

of 400 gallons per minute, 1200 psig, and a power of 330 BHP.  

Figure 3 shows the performance curve of one of the safety 

injection pumps.
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The performance of the system depends on the transient 

variation in the reactor coolant pressure. Figure 4 shows, 

among other things, the variation in the reactor coolant pres

sure with respect to time for a steam line break. Moreover, 

Figure 5 shows the injected flow rate of borated water from 

the three SI pumps as a function of the reactor coolant pres

sure. From Figures 3, 4 and 5, provided by Consolidated Edison 

Company, relationships between flow rate and pump head for a 

SI Pump as functions of time are calculated and plotted, as 

shown in Figure 6.
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Section 3

SCALING CRITERIA 

When a process or a system is- to be tested, an ideal way 

would be to do it on a full size basis. This ideal scaling, 

however, is usually prevented by practical considerations, and 

it is necessary to scale the system properly. The classical 

scaling laws, although valuable for simple and steady state 

systems, are very limited when applied to a complex system 

involving multiple flow paths of different sizes and energy 

transfer in pumps and tanks. Moreover, if the process is a 

transient one in a complex system, some compromises need to be 

considered to minimize the model-actual system distortion. To 

simplify the analysis, the actual system shown in Figure 2 is 

divided into four sub-systems: the gas zone, the liquid-.zone 

upstream of the pump, the pump, the liquid zone downstream of 

the pump. Each subsystem is analyzed separately and the 

scaling criteria are deduced, as described in the following 

sections.  

A. The Gas Zone 

This part of the system can be idealized as a control volume 

that can store mass, momentum, and energy. The-interface between 

the liquid and the gas travels an approximate distance of 6 ft.  

in one minute, i.e., with an average velocity of 0.1 ft/s. The 

gas molecules near the interface follow its velocity while those 

near the top of the tank are stationary. Thus, the average
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.velocity of the gas is 0.05 ft/s. For the range of gas tempera

tures involved in the injection process (605*-5600 R), the values 

of some of the important dimensionless numbers are given below: 

Pr: Prandtl Number = 0.71 

Re: Reynolds Number =  1677 

Gr: Grashof Number = 6.2x101 0 

Gr/Re2  = 2.2 x 104 

Gr.Pr : Rayleigh Number =  4.4 x 1010 

The value of Gr/Re2 is much greater than 1.0 which indicates that 

heat transfer is mainly by natural convection (2). Moreover, 

since GrPr >> 109, the flow under consideration is turbulent (2).  

In a turbulent flow, eddy momentum and energy fluxes are much 

larger than the molecular momentum and energy diffusion.  

Accordingly, the contributions of the latter terms will be 

neglected. The conservation equations of mass, momentum and 

energy and the equation of state of the gas can be expressed 

in indicial form as follows (3): 
apu.  

-P + -= 0) 
at axJ 

_i lu Iap 1 a__ _ _ _ _ _ 1+ u - F. - . U .U') (2) 
at ax 1 P ax. p Ox. .1 j 1 3 

ah + ah I a r u'T") + 
a. x p3  (3) 

a t a a xa t ( ) 

p = p (h, p) (4)
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where: 

Cp: 

Fi: 

h: 

j: 

q: 

T: 

t: 

U i ,u : 

xi,x:

Specific heat 

Component of gravitational acceleration in xi 
direction (which is the body force per unit mass) 

Enthalpy 

Refers to direction (xI = x; x2 = y; x3  z) 

Refers to index notation. For each i, j 1, 2 & 3 

Pressure 

Heat generation per unit mass per unit time 

Temperature 

Time 

Velocity components 

Fluctuating components of velocity (turbulent 
components) 

Cartesian coordinates 

Volume expansion coefficient = (2) 

p 3Tp 

Density

The scaling concept considered by Nahavandi, et al (3) 

will be followed here. The basic idea is to try to make the 

conservation equations for both the actual system and the model 

identical. This means that the solution is also identical. One 

important objective for the model is to achieve one-to-one time 

scaling so that the transient injection process can be studied
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in a real time frame. Let us consider the symbols (in the 

conservation equations) without an asterisk superscript refer 

to the model, and those with an asterisk superscript refer to 

the actual system. Geometric and kinematic similarities should 

be satisfied in order to have complete similarity between the 

actual system and the model.  

" Geometric Relations 

length ratio = L/L* = X _(5) 

cross sectional area ratio = A/A* =  
___(6) 

volume ratio = V/V* = = _ _(7) 

" Kinematic Relations: 

time ratio = t/t* 1 (8) 

flow rate ratio u / * = _ (9) 

velocity ratio (ih/A)/(U*/A*) (10) 

acceleration ratio = a/a* = (11) 

* Body force is by gravity which is the same for the model 

and actual system.  

Fi/Fi* = 1 (12)
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" Thermodynamic Relations: 

For identical model and actual system operating condi

tions, initial thermodynamic properties should be the 

same, i.e.  

p = p = h T = _ __ p (13) 
S- - h* T* -* c*p 1 

" Heat Transfer Relations: 

heat transfer ratio = q/q* =
___(14) 

Substituting equations (5) through (14) in the conservation 

equations (1) through (4) yield the corresponding equations for 

the actual system, as shown below: 

Continuity equation: 

a___. _ __E _ =_ __0 (15) 

at* a.  

Momentum equation: 

OuI 1 au.* )A 
at* j axr X x p*ax. jX p* ax* 1 ( 

j j(16) 

Energy equation: 

, ah ax* 

+ T**[ aP*  () u* -p] + Opq* (17) at*x, j ax) 
j
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Equat-ion of state:

(18) 
p* = p* (h*,p*) 

A comparison of equations (18) through (21), the prospective 

governing equations for the actual system, with equations (1) 

through (4), the governing equations for the model indicates 

that the two sets of equations describing the behavior of the 

two systems are identical if: 

A = 1 i.e. L/L* = 1 (19) 

1 i.e. /A* = A/A* (20) 

a= 1 i.e. q/q* = 1 (21) 

Plug equations (19) and (20) in equation (7) to get 

g i.e. V/V* = /m* (22) 

If scaling parameters in equations_ (19) through (22) are pre

served, the mathematical representations of the actual system and 

the model are equivalent. In such cases, geometric, kinematic, 

and thermodynamic similarities are satisfied and the behavior 

of the model gives accurate prediction of the actual system 

behavior.  

For practical reasons, the volume of the boron injection tank 

is scaled down by a factor of 50, i.e.,:

3-6



V 1 (23) v = 6 = 5-O___ 

Thus, equations (20) and (22) give: 

n1 (24) 

A (25) A* - -5 

and recall equation (19): 

L - X (26) 

The above set of equations describes the geometry of the gas zone 

of the model in which the axial length is preserved, while the 

cross sectional area is reduced by a factor of 50. This means 

that the tank diameter is reduced by a factor of V0 = 7.  

The only source of heat addition to the gas during expansion 

is the energy stored in the tank walls and the water interface.  

Equation (21) dictates that the heat addition per unit mass of 

the gas in the model must be the same as that in the actual 

system.  

Based on the analysis given by Gebhert (4), the transient 

effects in natural convection depend on the dimensionless group 

FoPrVGr, where FO is the Fourier number which is a function of, 

among other parameters, the time constant of the transient 

change. As shown in Figures 6 and 7, the time constant of the 

sharp change in flow rate is approximately 20 seconds which

3-7



0 
LLI 
I.

LU 

~24

80 100

FIGURE 7 - TRANSIENT VARIATION 
THE MODEL PUMP.

OF HEAD AND FLOW RATE FOR

3-8

3000

2000

1000

TIME (S)



gives FO  10 - 4 , and accordingly F Prv'Gr = 17.7. Since FoPrVGr >>> 

1.0, the expansion process in the BIT can be considered quasi 

static (4). Thus, the correlation for steady state heat transfer 

coefficient can be used. However, the value of the heat transfer 

coefficient is a function of time and the instantaneous values 

of the parameters involved in the correlation should be used at 

any given time.  

In the turbulent region, the value of the local heat transfer 

coefficient is nearly constant over the inside surface of the 

tank. In fact, McAdams (5) recommends for G r > 109 the equation: 

K U 0.13 (G P 1/3 (27) 

UL 

u ,L = K = . (rL~r 

ga (Tw-T )L3  y 1 /3 [0-13f 2 

L K2 

This equation shows that the heat transfer coefficient along the 

sidewalls of the tank is only a function of the gas thermo

dynamic properties which are scaled on one-to-one basis.  

Accordingly, at any instant the heat transfer coefficient along 

the side walls of the model tank has the same value as that of 

the actual BIT.  

The total instantaneous rate of heat transfer to the gas is: 

Q = Q1 + Q2 + Q3 __ (29)
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where

QI: the heat transfer rate to the gas from the top plate 
of the tank 

Q2: the heat transfer rate to the gas from the water interface 

Q3 : the heat transfer rate to the gas from the sidewalls 

of the tank 

And the mass of the gas contained in the tank is 

mg =P (_r D 2L 
4 

where 

D the tank diameter 

Lg: the height of the gas layer 

Pg: the gas density.  

By definition: 

q = Q/mg 

Thus: 

q= Ql/mg 

= 'T D2 .Ul(Twl-Tg)/Pg 1 D2 Lg 

= Ul(Twl-Tg)/Pg Lg (30) 

where Twl is the temperature of the upper plate of the tank.  

From equations (21) and (30): 

q U_ ( T gT) U1 . 0 L _ (31) • • - -= 1.0 
ql* l UI (Tw I *-Tg * ) Lg 9 P 

If equations (13) and (19) are used and the wall temperature 

and the heat transfer coefficient at the top plate of the tank
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of the actual system are assumed equal to those of the model, 

equation (31) can be satisfied. Following the same procedure, 

it can be proved that: 

q2/q2* 1 (32) 

Similarly: 

q3 = Q3/mg 

U TDLg (T-T 
Pg 7 D2 L8 

4 4 

U 4 . (Tw-T) (33) 

where Tw is the temperature of the sidewalls of the tank. From 

equations (21) and (33) 

__q * D* (Tw-T ) 1.0 (34) 
q Pg D (Tw*-T *) 

As mentioned before the coefficient of heat transfer by turbulent 

free convection is a function of the gas properties only 

(equation (28)) which are scaled on one-to-one basis (equation 

(13)). Accordingly, equation (34) is reduced to: 

(Tw-T ) _ D = 1 f 1 (35) 

(Tw*-Tg*) D* 7 

which represents a condition that is impossible to maintain over 

the entire duration of the injection process. As previously 

mentioned, for transient processes in complex systems, some 

compromises need to be considered to minimize the model-actual
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system distortion. One compromise is to preserve the heat 

added per unit mass of the gas over the duration of the injec

tion process rather than preserving the instantaneous rate of 

heat transfer per unit mass of the gas, i.e., 

t t* 

Jq dt =f q* dt* 

0 0 

or 

Q/m = Q*/m* (36) 

instead of q = q*.  

In other words, the time average of the rate of heat transfer 

per unit mass of the gas is preserved which is a reasonable 

compromise since the main interest is to find the gas polytropic 

index over the entire duration of the experiment. This can be 

achieved by reducing the thermal mass (or internal energy) of 

the tank walls in contact with the gas. Since the initial gas 

and tank wall temperatures are preserved, the mass and material 

of the tank walls of the model should be selected properly.  

Assuming a stainless steel tank with adiabatic outside walls, and 

considering transient conduction analysis (6), Appendix 1, the 

wall thickness was found to be 0.012 inch which obviously needs 

an external support to withstand the fluid pressure of 90 psig.
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The construction of the tank wall 

consists of a 0.375 inch thick 

stainless steel outer tube 

internally covered by 1.0 

inch thick insulation.  

followed by a 0.012 inch 

thick stainless steel 

inner t ube. Such a 

design satisfies the 02 

mechanical strength and 

heat transfer requirements.

s-S 

- INS6ULATION 

'S's

B. The Liquid Zone Upstream of the Pump 

Similar to the gas zone, the liquid zone can be idealized by 

a control volume with moving boundaries that can store mass, 

momentum, and energy. As mentioned before, the liquid interface 

moves with an average velocity of 0-.1 ft/s which corresponds to 

a Reynolds number of 1.7 x'10 5 in the Indian Point Unit No. 2 

tank. In the pipe connecting the tank and the pump, Reynolds 

number is much higher which indicates that the flow in this 

zone is also turbulent and governed by the same equations (1) 

through (4). Thus, the scaling criteria are the same; i.e.  

(V/V*) Liquid, tank- m/m* Liquid, tank =1/50 ______(37)

(L/L*) Liquid, tank = 1_______(8

3-13
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(A/A*) Liquid, tank = 1/50 

(q/q*) Liquid, tank = 1 

(V/V*) Liquid, pipe =(m/m*)Liquid, pipe = 1/50 

(L/L*) Liquid, pipe = 1 

(A/A*) Liquid, pipe = 1/50 

(q/q*) Liquid, pipe = 1

(39) 

(40) 

(41) 

(42) 

(43) 

(44)

Equations (40) and (44) are satisfied by using an electric heater 

to automatically keep the liquid temperature at 1450. During the 

injection process the heaters are turned off. The heat losses 

from the pipe connecting the tank and the pump during an injection 

process (approximately one minute) are so small that they can 

be neglected without changing the liquid properties at the 

pump inlet.* 

In order to satisfy equations (25), (26), (38), and (39) 

the tank of the model must have the following dimensions: 

L =  L* = 11 ft ....... _ (45) 

A = A*/50

D = D*/150 =

6.5 ft = 0.93 ft = 11 inches 
7

(46)

Similarly, the pipe connecting the tank and 1he pump in the 

model should have the following dimensions:
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Lpipe = pipe 

and 

Apipe = A*pipe/ 5 0 or Dpipe = D*pipe/ %/50 (47) 

Most of the pipes connecting the boron injection tank and the 

pumps in the actual system are 6 inches in diameter. According 

to equation (47), the model pipe diameter should be the nearest 

standard diameter, i.e., 7/8 inch. Moreover, equation (42) dic

tates that the model pipe length should be the same as that of 

the actual system which is not practical in a university labora

tory. However, the pressure losses in fittings, valves, and due 

to friction can be kept the same by controlling the vertical 

elevation of pipes and installing a valve upstream of the pump 

of the model. Thus, the fluid pressure and velocity at the 

model pump inlet are the same as those in the actual system.  

C. The Pump 

The boron injection tank of Indian Point Unit No. 2 is 

connected to three safety injection pumps, each has a design flow 

rate of 400 GPM and a head of 1200 psig. All of the three 

pumps operate when the saf-ety injection signal is received. In 

the experimental model, only one pump was used. Equation (37) 

shows that the flow rate of the model pump need to be scaled 

down by a ratio of 50 . Furthermore, for proper scaling, the 
3 

energy added in the pump per unit mass of the fluid must be 

the same which means that the head of the model pump must be
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the same as that of one of the actual system pumps. Accordingly, 

the performance curve of the model pump should be the same as 

that of one of the actual system pumps (Figure 3) with the flow 

rate axis divided by a factor of 50 

D. The Liquid Zone Downstream of the Pump 

The flow rate of borated water to be injected in the reactor 

depends on the flow resistance of the pipe line downstream of 

the pump and the reactor coolant pressure. Therefore, it is 

important to scale this part of the system properly. This is 

done by simulating it by an electrically actuated valve; the 

upstream pressure of which is the pump discharge pressure and 

the downstream one is atmospheric pressure. Table 1 is generated 

from Figures 3, 4, and 5. Figure 6 shows flow rate versus time 

and p ump head versus time relationships for one of the Indian 

Point Unit No. 2 safety injection pumps. For the experimental 

model similar relationships are developed and plotted in Figure 

7.
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Table 1. Transient Variation in Reactor Pressure 

and Pump Performance 

Time (s) Reactor Coolant Flow Rate per Pump. Pump Head 
I Pressure (Psia) (GPM) (ft water) 

0 2200 0 3500 

10 2000 0 3500 

20 1700 0 3500 

22 1440 0 3500 

24 1400 80 3350 

30 1300 175 3200 

40 1200 230 3100 

50 1150 260 3025 

@0 1100 280 2970 

70 1080 290 2940 

80 1050 300 2925 

90 1020 310 2890 

100 1000 320 2850 

110 950 350 2750 

120 900 365 2725 

130 875 370 2675 

140 850 380 2625 

150 825 390 2600 

160 800 400 2575 

170 750 415 2500

3-17



Section 4

DESCRIPTION OF THE TEST MODEL 

The planned experiments to evaluate the gas polytropic index 

were conducted in a laboratory setup designed and built to 

satisfy the previously mentioned scaling criteria. Figure 8 

schematically shows the experimental setup along with the instru

mentation package.  

The BIT was simulated by a stainless steel pipe with a 

nominal diameter of 14 inches, a thickness of 0.375 inch, a 

length of 11 feet, and made of one three-foot long section and 

two four-foot long sections bolted together.  

During the properly scaled test (simulating Indian Point 

Unit No. 2 BIT), the tank inner walls were covered by a one 

inch thick foam glass insulation made of five two-foot sections 

and one one-foot section. The insulation was made of cellular 

glass such that moisture in liquid or vapor phase could not 

penetrate nor deteriorate it. It had a thermal conductivity of 

0.35 Btu/in/hr.ft 2 .OF at 75*F, a specific heat of 0.18 Btu/lb°F, 

and an average density of 8.5 lb/ft 3 . Without external support, 

the insulation has a 100 psi compressive strength, and an 

expansion coefficient very close to that of stainless steel.  

To properly scale the heat transfer rate to the gas, the 

tank wall consisted of three layers: 0.375 inch thick stainless 

steel layer internally covered by a one-inch thick foam glass 

and followed by a 0.015 inch thick stainless steel inner layer.
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,, The 0.015 inch thickness was the nearest available to the properly 

scaled thickness of 0.012 inch. The stainless steel inner tube 

(inserts) was made of three sections, one 3 feet long and two 

4 feet long ones, as shown in Figure 9.  

Typically, the tank was filled with water to a prescribed 

level and then pressurized by opening a two stage regulating 

valve connecting the tank to a bottle of nitrogen. A safety 

valve with a maximum pressure rating of 145 psig was fitted at 

the top of the tank. The gas pressure inside the tank was 

measured by a pressure transducer that has a pressure range of 

0-150 psig and a linear output signal of 0-5 volts. Moreover, 

a pressure difference transducer (&p cell) having a pressure 

difference range of 0-6 psi and a linear output signal of 0-5 

volts was used as a liquid level meter. Such a level trans

ducer showed an erratic behavior during the transient perfor

mance. Thus, a graduated tygon tubing system was connected to 

the tank to accurately measure the initial and the final levels 

of liquid in the tank.  

Two 4-KW cartridge heaters (3/4" x 12", 240 volts) were 

installed in the lower section of the tank to heat up the water 

to the required temperature 145*F. It was calculated that 

these heaters can heat up the water from 65*F to 145'F in less 

than two hours. A temperature controller using a J type thermo

couple was used to preserve a 145'F water temperature during 

the preparation time of an experiment.  
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Three temperature probes located at the 2'7", 510", and 9'911 

levels from the bottom of the tank were used to measure the gas 

and water Itemperatures. These levels were chosen to insure that 

one probe was always in the liquid, another one was always *in 

the gas, and the third one was initially immersed in liquid 

and finally in gas during the emptying of the tank. Each probe 

consisted of four unsheathed, type K, fine gage (dia. = 0.005") 

thermocouples connected in a series circuit, as shown in Figure 

10, to measure an average temperature. The locations of the 

individual thermocouple junctions were determined by dividing 

the.cross sectional area of the tank into four equal areas.  

The junctions were positioned in the center of each of these 

equal areas. These thermocouple probes were constructed at 

Lehigh University utilizing the thermocouple wires, 5/16" 

diameter wooden dowels, 3/8" bushings, epoxy, a nd miniature 

thermocouple connectors.  

A high head, low flow rate centrifugal pump with a 75 

H.P. motor (230 volts, 184 amp, 3540 RPM, 60 HZ) was used to 

simulate the three safety injection pumps of the actual system.  

The pump was energized by a size 5 starter. This pump has 

performance characteristics close to those of the ideally 

scaled pump, as shown in Figure 11. A control system was used 

to shut off the pump when the gas pressure in the tank fell 

below a preset value of 22.3 psig.
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The variations in the water flow rate with respect to time 

were measured by a turbine type flow meter with a signal converter.  

The flow meter has a measuring range of 0-60 gpm and a linear 

analog output signal of 0-5 volts.  

An electrically actuated control valve was used to simulate 

the flow resistances downstream of the pump. The valve has a 

linear trim with a flow coefficient (Cv) of 1.0. The percentage 

travel of the valve and accordingly the water flow rate was 

linearly proportional to the input signal to the actuator (4 ma 

-20 ma). The time variation of the valve travel (which is a 

direct function of actuator input signal) corresponding to the 

typical test flow rate versus time shown in Figure 12, was 

generated by a function generator. The function generator 

consisted of a piece-wise linear approximator of the desired 

continuous function. It provided three independently adjustable 

break points (in time) and four independently adjustable slopes.  

Times were calibrated directly in seconds, and had a range of 

0 to 100 seconds. Slopes-were calibrated in percent valve 

travel per second, and had two selectable ranges, 0 to 1 percent 

per second and 0 to 10 percent per second. An output signal 

of 4 milliamperes for zero travel and 20 milliamperes for full 

travel, was provided to interface to the valve controller.  

The analog output signals of all instruments (three thermo

couple probes, a pressure transducer, a level meter, a flow

meter) as well as time were recorded on a data acquisition system.
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Section 5

TEST PROCEDURE 

The experiments were conducted under the following procedure: 

1. Prepare all equipment for operation.  

2. Fill the tank with water to a level higher than the 

prescribed one.  

3. Turn on the heaters.  

4. Prime the pump using the control valve.  

5. Measure the initial level.  

6. Pressurize the tank to the prescribed initial pressure.  

7. When desired water temperature is reached, shut off heaters.  

8. Activate the data acquisition system.  

9. Activate the pump and control valve simultaneously.  

10. when reaching the minimum pressure, simultaneously shut 

off the control valve (manually) and the pump (automatically).  

11. Measure the final level of water left in the tank.  

12. Analyze the stored data.
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Section 6

CALIBRATION OF INSTRUMENTS 

A. Temperature Probes 

Each temperature probe was calibrated by placing it in a 

well mixed water bath of a known temperature and measuring the 

voltage output of the sensor. The temperature of the water 

bath was measured by a Fisher Scientific mercury in glass thermo

meter (+ 0.50 F). The voltage output was determined by a digital 

multimeter. The reference junctions were in an ice bath at 321F.  

Appendix 2 contains a computer program which fits the data 

points to a fourth order polynomial. The temperatures predicted 

by the polynomial are printed beside the measured data points.  

Immediately below this information, the coefficients of the 

polynomial are printed. Figure 13 is a plot showing the

predicted values of temperature as a function of voltage (a solid 

line) and the data points designated by x's.  

B. Level Meter 

The level meter was calibrated in the factory which claimed 

that the meter output signal (0-10.volts),is linearly proportional 

to the measured level (equivalent to a pressure difference of 0-6 

psi). However, this linear relationship was locally verified.  

The following table shows different levels of water at room 

temperature, the corresponding theoretical signals, and the 

experimentally measured signals. It is shown that linear 

calibration is very accurate.
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Water level 
-(inches) 

0 

27.5 

73.25 

119

Theoretical signal 
(volts)

1.63 

4.40 

7.17

Measured signal (volts) 
Test #1 Test #2 

0 0 

1.626 1.628 

4.41 4.40 

7.16 7.16

C. Pressure Transducer 

Like the level meter, the pressure transducer was calibrated 

at the factory which claimed that the transducer output signal 

(0-10 volts) is linearly proportional to the measured pressure 

(0-150 psig). This calibration was locally verified and the 

results are shown in the following table.

Gage pressure 
(psig) 

0 

10 

20 

30 

40 

50 

59

Theoretical signal 

(volts) 

0 

0.667 

1.330 

2.000 

2.670 

3.330 

3.930

Measured signal (volts) 
Test #1 Test #2 

0 0 

0.635 0.647 

1.328 1.329 

1.997 1.994 

2.670 2.680 

3.360 3.350 

3.950 3.940

It should be noted that voltage dividers were used before 

entering the data acquisition system to reduce the output signals 

of the level meter and pressure transducer from (0-10 V) to (0-5V) 

which is accepted by the computer.
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Section 7

CALCULATION PROCEDURE 

A polytropic process is represented by the thermodynamic 

relationship (7) 

n 
PV = constant 

where: P is the gas absolute pressure 

V is the gas volume 

n is the gas polytropic index 

In the present work, the gas polytropic index at any time (t) 

during the expansion process was calculated according to the 

equation shown above by relating the gas properties at time (t) 

to those at initial state (t=o).  

Thus P(o)/P(t)=[V(t)/V(o)]
n 

and n = [iln(P(o)/P(t)}/ln{V(t)/V(o))] 

Expansion waves generated due to sudden opening of the 

control valve would travel back and forth in the system causing 

pressure oscillations. To average out any local pressure 

variations, a sixth order polynomial in time was fitted to the 

measured pressures.  

Two methods for evaluating the gas volume, based on level 

meter readings and flow meter readings, were adopted. The 

results showed differences up to 4%. It is believed that the 

level meter readings are less reliable because the-interface 

between the liquid and the gas was always oscillating and 

because of the erratic behavior of the level meter under
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transient conditions. Accordingly, the gas polytropic index 

was calculated using gas pressures predicted by the sixth order 

polynomial and gas volumes evaluated by adding the integrated 

flow meter readings to the gas initial volume measured by the 

level indicator.  

Although the flow meter calibration was not verified at 

Lehigh University, the level indicator reading of the final 

liquid level remaining in the tank in a few experiments was used 

to check the combined accuracy of the flow meter and the integra

tion process. It was found that the gas polytropic index was 

always under estimated by 3-4%. To correct that shift at the 

end of any experiment, the gas polytropic index based on flow 

meter readings should be multiplied by a factor of 1.04.
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Section 8

ERROR ANALYSIS

The polytropic index of nitrogen was evaluated from the 

following equation where subscripts 1 and 2 refer to initial 

and final conditions respectively.  

n- ln P1 /P2 
ln V 2/V 1  (48) 

Thus, the error in estimating the polytropic index (n) was a 

function of the error in measuring each of the independent para

meters (PI, P2 , Vl, and V2 ) and is given by the following 

equation (8): 

e2  2 n an e+ a 2 

n ap ) 1 ( P2 (av2 e 2 (49)

where e is the error 
an 1 

@PI P1 In Vz/V1 

an 1 In PI/P2 
8VI VI (In VZ/V,) Z

an i 
aP 2 Pz In V2 /V 1 

an 1 In PI/PZ 
3v2 Tz (in V,/V 1 )Z

Using the foregoing equations and combining equations (48) and (49).  

e e 2 P.e])P2 2P2 Z 1e2reVT)Z ev 2 

(n2 In PnP2  1 I 2 4nV/V 1 /\ 1  V2 

2 42 2 2 
o F PI 'P2 + V V2 

or En = (In P1/P2 )2 (In V2/V1 )Z  (50) 

where E is the fractional error.
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For a typical experiment the values of these parameters are:

EPI 

EP2 

EV
1 

EV
2 

PT 

P2 

Vi 

V2 

Thus En

= 0.8% 

= 2.0% 

= 0.8% 

= 2.0% 

94 psia 

37 psia 

26% of tank volume 

52% of tank volume 

3.8%
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Section 9

RESULTS 

The experimental setup described earlier, was used to 

determine the gas polytropic index under test conditions similar 

to those of the boron injection tank of Indian Point Unit No. 2.  

It has been stated previously that to properly scale heat transfer 

between tank walls and the gas, the model tank should be made of 

0.012 inch thick stainless steel tube. However, to withstand 

the high pressure of the contained fluid the thin S.S. tube was 

covered by 1-inch thick insulation followed by a 0.375 inch 

thick stainless steel pipe. In addition to the properly scaled 

heat transfer case, simulating Indian Point Unit No. 2 BIT 

(Case III), two limiting heat transfer cases were considered.  

The first limiting case (CASE I) of a much higher heat transfer 

to the gas was obtained by allowing the gas to directly exchange 

heat with the 0.375 inch thick S.S. pipe, i.e., without the thin 

S.S. tube and insulation. The second limiting case of adiabatic 

expansion (CASE II) was achieved by removing the thin S.S. tube 

only and allowing direct contact between the gas and the insulation.  

The independent variables considered in these three cases were: 

o Gas initial pressure (60-90 psig) 

o Gas initial volume (18%-40% of tank volume) 

Most of the test runs for the three cases weire conducted 

with the N2 regulator valve closed. However, for Case I and III 

one test was run with the N2 regulator valve open to simulate 

the actual Indian Point Unit No. 2 BIT operation.
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The initial conditions of the performed experiments are shown 

in tables 2, 3, and 4. The corresponding results of the poly

tropic index as a function of time are shown in figures 14, 15, 

and 16.  

One of the major observations is that the polytropic index 

after a certain time from starting the expansion process for 

each case, is independent of the initial properties of the gas.  

The data of each case (n versus time) with closed N2 valve, 

was grouped with reasonable scatter, as shown in figure 17.  

After removing a liquid volume from the test model equivalent 

to 1000 gallons in Indian Point Unit No. 2 (96 seconds for Case 

I and 72.5 seconds for Case II and III), the polytropic index 

was found to be: 

Closed N2 Valve Open N2 Valve 

CASE I n =0.990 + 0.010 n = 0.566 

CASE II n = 1.025 + 0.010 

CASE III n = 1.000 + 0.04 n = 0.363 

A more representative value of the gas polytropic index is 

when the gas pressure in the BIT drops to 37 psia; a pressure at 

which the injection process in the Indian Point Unit No. 2 plant 

is switched from BIT to Refueling Water Storage Tank. This 

value of gas polytropic index is a function of both the gas 

initial pressure and volume which affects the test duration.  

Tables 2, 3, 4, and-the last row of the summary table of the 

computerized analysis of each test (Appendix 4) give such 

information.
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Table 2. Initial Conditions and Polytropic Index for CASE I Experiments

CASE I (No Insulation) 
Test n 

Test # Pgi(psia) Vgi(%) Twater(°F) Setting of Gas Gas Expansion Duration 
Regulating Valve Rate (S) (pgf= 3 7 psia) 

100 74.55 27.0 145 C* Typical** 81.5 1.019 

101 95.02 25.90 145 C Typical** 107.5 0.993 

102 94.50 29.35 145 C Typical** 122.5 0.974 

103 95.47 30.33 145' C High 74.0 1.0195 

104 95.10 29.98 105 C High 70.0 1.0491 

14 94.65 25.86 105 Ot High 82.2 0.5897 +

C means closed N2 valve 

0 means open N2 valve 

Final pressure was 50.4 

Typical of Indian Point 
injection flow rate.

psia (at 92 seconds by extrapolation this n = .566) 

Unit No. 2 BIT



Table 3. Initial Conditions and Polytropic Index for CASE II 

Experiments (closed N2 regulating valve) 

CASE II (Perfect Insulation)

Test 

Test # Pgi(psia) Vgi(%) Twater(0 F) Pgf(psia) Gas Expansion Duration n 

Rate (S) 

20 94.35 38.24 145 50.03 Typical* 67.5 1.0316 

21 94.27 39.93 145 45.45 Typical* 84.0 1.0057 

22 93.90 28.18 145 36.97 Typical* 85 1.0094 

23 73.45 24.29 145 36.75 Typical* 54.5 1.0552 

24 84.15 27.96 145 36.83 Typical* 75.5 1.0226 

25 94.50 24.35 145 36.90 Typical* 76.5 1.0175 

26 93.96 19.28 145 36.83 Typical* 61.5 1.0339 

28 104.47 28.39 145 36.97 Typical* 104.5 0.9768

* Typical, of Indian Point Unit No. 2 -IT 

injection flow rate.

0



Table 4. Initial 
CASE II

itions and Polytropic Index for 
!riments

CASE III (Properly scaled heat transfer simulating 
Indian Point Unit No. 2 BIT)

Test n 

Test # Pgi(psia) Vgi(%) Twater(°F) Setting of N2  Gas Expansion Duration 
Regulating Valve Rate (S) (Pgf= 3 7 psia) 

61 93.97 29.42 145 C Typical* 89.5 0.9812 

62 95.40 29.12 145 C Typical 90.0 0.9662 

63 94.80 29.12 145 C Typical 87.0 0.9666 

300 94.27 30.43 145. C Typical 94.0 0.9265 

67 94.05 25.00 145 C Typical 75.5 1.0162 

68 94.42 18.74 145 C Typical 60.5 1.0192 

301 93.60 25.28 145 C Typical 81.5 0.9425 

84 74.40 34.28 145 C Typical 68.0 1.035 

85 84.82 32.20 145 C Typical 79.5 1.0096 

302 74.78 24.76 145 C Typical 66.0 0.9352 

90 95.32 28.59 110 C Typical 91.5 0.9450 

91 95.10 28.82 110 C Higher 53.5 0.9795 

93** 95.32 29.44 145 Open Typical 72.5 0.3630

* Typical of Indian Point Unit No. 2 BIT injection flow rate.  

** This experiment exactly simulates Indian Point Unit No. 2 BIT operation, i.e., 

the N2 regulator valve is open. The final gas pressure was 68.87 psia.
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Section 10

DISCUSSION 

The present study has touched many interesting points.  

It was very clear that the results of gas polytropic index 

versus time for each case could be grouped together and fitted 

to one curve with a reasonable scatter, as shown in Figure 17.  

The effects of time, initial gas properties, gas expansion rate, 

heat transfer to the gas, and irreversibilities of the expansion 

process on the gag polytropic index will be discussed in the 

following sections.  

A. Effect of Time 

It was observed that the gas polytropic index for each 

case was decreasing monotonically with time from starting the 

expansion process; a trend that agrees with the LOFT results on 

accumulators (1).  

In the present setup, an experiment is started by turning 

on the pump and opening the control valve simultaneously. The 

high pressure difference across the control valve generates a 

series of expansion waves which propagate through the liquid 

in the pump, the pipe line, and the tank to the gas with the 

speed of sound. These waves cause instantaneous, however, 

very slight drop in the gas pressure while its volume is almost 

the same. Thus, for the first few moments, the expansion process 

is almost a constant volume one which, theoretically speaking, 

has an infinite polytropic index (n=oo). After a few seconds, 
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the expansion due to the increase in gas volume becomes dominant . and the effect of expansion waves diminishes. This phenomenon 

explains the observation of the sharp drop in the gas polytropic 

index from almost infinity at starting point to a value below 

1.4 after about 10 seconds. Moreover, as time passes, the 

amount of heat transfer to the gas from the liquid interface 

and tank walls increases and thus, causes a decrease in gas 

polytropic index.  

B. Initial Gas Properties 

One of the interesting results is that the gas polytropic 

index, at a time 't' from the start of an experiment for a given 

heat transfer case, is independent of the gas initial volume 

and pressure as shown in figures 14, 15, and 16. However, if .the final pressure is fixed (e.g., 37 psia), different initial 

pressures and volumes cause different test durations and 

accordingly different overall gas polytropic indices.  

To study the effect of initial gas temperature, one 

experiment of each of CASE I and CASE III were repeated with 

lower initial water temperature (1051F). The results shown 

in figure 18 indicated that, within the range of scatter, the 

initial gas temperature has no effect on the polytropic index.  

C. Effect of Gas Expansion Rate 

Although studying the effects of gas expansion rate is 

not one of the objectives of this project, one experiment of 

each of CASE I and CASE III were repeated with almost double
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the typical expansion rates, as shown in Figure 19. The 

results shown in Figure 20 indicate that doubling the expansion 

rate affected the duration of the test and thus affected the 

overall gas polytropic index. However, after time (t) from the 

start of the expansion process, the gas polytropic index was 

the same irrespective of the gas expansion rate.  

D. Effect of Heat Transfer from Tank Walls to the Gas 

The overall gas polytropic index, i.e., when the gas 

pressure drops to 37 psia, was found to be very close to 1.0 for 

all experiments in the three cases considered here. This 

conclusion can be explained by considering the thermodynamic 

irreversibilities of the process and the heat exchange between 

the gas, the water, and the tank walls.  

During the preparation phase of an experiment the water 

was heated to 145 0 F and left in contact with the gas and the 

tank walls for almost two hours. However, before-starting the 

test, a gas temperature stratification of up to 350 F was always 

noticed. This meant that the average gas temperature was initial

ly lower than that of the water and the tank walls.  

During the expansion process, many factors contributed 

to the observed variations in gas properties (p,v,T). These 

factors are believed to be heat transfer from tank walls to the 

gas, heat transfer from water to the gas, work done by the gas 

on liquid, and irreversibility of the process.
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In a reversible (ideal) expansion process, the work 

done by the gas on the liquid interface is the area under the 

gas pressure-volume curve. However, due to different sources 

of irreversibility such as heat transfer through a temperature 

difference, external friction, and unrestrained gas expansion, 

some of the ideal work is dissipated and fed back to the gas in 

the form of an increase in its internal energy. In an experiment 

simulating Indian Point Unit No. 2 BIT operation with the properly 

scaled pump located downstream of the BIT, the actual work 

done by the gas on the liquid depends on the oscillations, the 

turbulence level, the temperature difference between the gas, 

tank walls and water, and the roughness of the tank inner 

walls, resulting in a drop in gas temperature.  

Preliminary calculations of transient heat transfer from 

the model tank walls to the gas by turbulent free convection 

showed a small increase in the gas temperature (?4*F). On the 

other hand, heat transfer from the water interface to the 

adjacent gas layer and the irreversibility of the process which 

are not quantified may cause substantial heating of the gas.  

The net change in the average gas temperature is thus 

due to the combined effects of the above mentioned parameters.  

A value of the polytropic index greater than 1.0 means that 

the net effect is a decrease in the average gas temperature.  

On the other hand, a polytropic index less than 1.0 means that 

the net effect is an increase in the average gas temperature.
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Tables 5, 6, and 7 show comparisons between the three 

heat transfer cases (no insulation, .perfect insulation, 

insulation with stainless steel inserts) under different test 

conditions which show that: 

nii > ni I > n, 

which can be explained as follows: 

* Assume that the irreversibility of the process, the 

level of turbulence and oscillation, and the shape 

of the gas-liquid interface to be the same for the 

three Cases I, II, and III. This means that the 

effects of irreversibility and heat transfer from 

liquid to gas for the three cases are the same.  

o The heat transfer rate from the tank walls to-the 

gas in case I (0.375" stainless steel walls) is 

higher than that in Case III (0.015" stainless steel 

inserts) which in turn is higher than that in Case 

II (perfect insulation).  

* Accordingly the net effect is such that 

nii > niII > n, 

However, the differences of up to 7% (as shown in 

Tables 5, 6, and 7) are considered small. This 

may indicate that the effect of heat transfer from 

tank walls to the gas on polytropic gas index is 

slighter than other parameters involved.
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Table 5. Comparison Between the Three Cases for Typical* 
Initial Gas Pressure and Gas Volume

CASE II CASE III CASE I 

Test # 22 61 102 

Pi psia 93.90 93.97 94.50 

Vi% 28.18 29.42 29.35 

Vift 3  2.087 2.145 3.233 

Twi0 F 145 145 145 

Pfpsia 36.97 36.83 36.90 

duration(s) 85.0 89.5 122.5 

n 1.0094 0.9812 0.9735

* Typical of Indian Point Unit No. 2 BIT.
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Table 6. Comparison Between the Three Cases for Typical* 
Initial Gas Pressure and Low Gas Volumes

Test # 

Pgi (psia) 

Vgi (%) 

Vgi (ft
3 ) 

Twater ( 0F) 

Pgf(psia) 

Test duration (S)

25 

94.50 

24.35 

1.803 

145 

36.90 

76.5 

1.0175

67 

94.50 

25.00 

1.823 

145 

36.97 

75.5 

0.0162

101 

95.02 

25.90 

2.784 

145 

36.97 

107.5 

0.993

Table 7. Comparison Between the Three Cases for Low Initial 
Gas Pressures 

CASE II CASE III CASE I 

Test # 23 84 100 

Pgi (psia) 75.45 74.40 74.55 

Vg i (%) 24.29 34.3 25.31 

Vg i (ft
3 ) 1.799 2.500 2.900 

Twater(0 F) 145 145 145 

Pgf(psia) 36.75 36.90 36.82 

Test duration (S) 54.5 68 80.5 

n 1.055 1.03 0.9868

*Typical of Indian Point Unit No. 2 BIT
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Section 11

CONCLUSIONS 

An experimental setup simulating the boron injection safety 

system of Indian Point Unit No. 2 (based on 3 SI pump operation) 

was developed which was capable of measuring the gas polytropic 

index under different test conditions. The estimated uncertainty 

in evaluating the polytropic index was about +4%. The following 

conclusions have been drawn from this investigation.  

1. For the more conservative situation of closed N2 

regulator valve, the gas polytropic index was always close to 

1.0, when the gas pressure dropped to 37 psia or after the 

removal of liquid volume equivalent to 1000 gallons in Indian 

Point Unit No. 2. However, for experiments simulating Indian 

Point Unit No. 2 BIT, with the N2 regulator valve open, t-he gas 

polytropic index was much lower than 1.0.  

2. The data of polytropic index versus time for a given 

heat transfer case could be represented by one curve with 

reasonable scatter. The polytropic index was a monotonically 

decreasing function of time. During the first few seconds of 

the expansion process, the gas polytropic index was much higher 

than 1.4. However, after delivering an amount of liquid equi

valent to 1000 gallons in Indian Point Unit No. 2, the gas 

polytropic index was found to be: 

CASE I: n = 0.990 + 0.010 

CASE II: n = 1.025 + 0.010 Closed regulating valve 

CASE III: n = 1.000 + 0.040
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CASE I: n = 0.566 
Open regulating valve 

CASE III: n = 0.363 

3. For a given heat transfer case, at a time 't' from the 

start of the expansion process, the gas polytropic index was 

independent of the initial gas properties (p,T,V).  

4. For a given heat transfer case, and after a certain 

time from the start of the expansion process, doubling the gas 

expansion rates did not affect the polytropic index. However, 

an increase in the expansion rate caused a decrease in duration 

of the test (the time taken for gas pressure to drop to 37 psia) 

and accordingly an increase in the value of the polytropic 

index.  

5. For the same initial and final gas properties, the gas 

polytropic index for Case II was higher than that for Case III 

which in turn was higher than that for Case I. However, the 

differences of up to 7% are considered small indicating that 

heat transfer from tank walls to the gas has a minor effect.
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Section 12 

NOMENCLATURE 

A Cross sectional area (ft2) 

a Acceleration (ft/s2 

C P'Specific heat at constant pressure (Btu/lb°R) 

D Diameter (ft) 

e Error (units are the same as those of the parameter under 
consideration) 

F Body force per unit mass (lbf/lb) 

2 
g Gravitational acceleration (ft/s 2) 

h Enthalpy (Btu/lb) 

K Thermal conductivity (Btu/hr.ft.R) 

L Length (ft) 

Thickness (ft) 

m Mass (lb) 

Mass flow rate (lb/s) 

n Polytropic index

p Pressure (lbf/in2 or lbf/ft2) 

Q Heat transfer (Btu) 

Q° Rate of heat transfer (Btu/hr) 

q Rate of heat transfer per unit mass (Btu/hr.!b) 

T Temperature ('R) 

t Time (s or hr) 

U Heat transfer coefficient (Btu/hr ft2°R) 

u Velocity (ft/s)
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Volume (ft3) 

Distance in the x direction (ft) 

Volume expansion coefficient (1 

Ratio of volumes 

Ratio of cross sectional areas 

Fractional error 

Ratio of lengths 

Dynamic viscosity (lb/ft.s) 

Kinematic viscosity (ft 2s) 

Density (lb/ft3 ) 

Ratio of heat transfer rates

Subscript 

f 

g 

i 

i 

0 

t 

water 

Superscript

Final 

Gas 

Initial 

Index referring to direction 

Index notation 

At times = o 

At time t 

Wall 

Water

Per unit time 

Turbulent component
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Actual system (IP-2) 

Dimensionless Numbers 

F0  Fourier number 

Gr Grashof number 

Nu  Nusselt number 

P r Prandtl number 

Re Reynold number 
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.APPEN iX 

HEAT TRANSFER ANALYSIS 

From scaling analysis, equation 21 showed that heat transfer rate per 

unit mass of the gas should be scaled or. one-to-one basis (q=q). This con

dition led to the following relationship: 

(T -T ) 
w g9 1 

( T *- *) 7 (35) 
w g 

As mentioned before, such a condition is impossible to maintain over the 

entire duration of the injection process. However, a good compromise is to 

preserve the heat added per unit mass of the gas over the entire process, i.e.: 

t t 

q dt = r * dr* (36) 

@ 0 0 

This compromise is very reasonable particularly because the main objective 

is to evaluate the gas polytropic index over the duration of the expansion 

process. Since the initial temperatures of the gas and tank walls are pre

served, the thermal mass of the tank wall should be selected properlv to satis

fy equation 36. As described previously, the tank of the experimental model 

should consist of a 0.375 inch thick. stainless steel pipe internally covered 

by a 1.0 inch thick foam glass finsation followed by a thin stainless steel 

tube. The thickness of the thin stainiess steel inner tube-was calculated 

using the following analysis.  

Consider the BIT of the actual sysstem to have an inside diameter D and 

a wall thickness L at an initial temperature T. and fTiled to a heigh'ht . with gas at a temperature eee nicca- internal nergy (Qc, of the tank 

walls relative to the sas 4s:



Q = -c DIL(Ti-T.) (Al) 

where c is the specific heat of the wall material. The amount of heat trans

fer to the gas (Q) after a certain time is defined as a fraction (Y) of the 

initial internal energy of the wall, i.e.  

0 = Y Q = Y[pcrDL(T i-T)] (A2) 

The mass of the gas contained in the tank is: 

mg =Pg D2
_ (A3) 

Thus, the heat transfer to the gas per unit mass is: 

Q/m YL 4oc(Ti-T.) 

g [ 1 ] (A4) 
g 

Equation 36 can be rewritten as: 

(Q/m) = (Q/m) 

Since the wall material (s.s) and the gas properties are preserved in the 

model, the heat transfer similarity gives: 

L - L* 
Y( = •( (A5) 

The heat transfer process in the experimental model can be simulated by 

an infinite plate of uniform thickness (2L) initially at (T) and suddenly 

immersed in a gas at (T,). The heat flux at the centerline is zero due 

to similarity. This condition is satisfied in the experimental model by 

having a one inch thick insulation on the outer side of the thin stainless 

steel tube. The solution of such a standard case is given in reference



\ \ \\ \\ 

1 I / / 

Gas S'./S., INSULATION Gas I 
, " "", 

\\ L 4L 

Experimental Model Standard Case 

(6) as: 

T x t) -T 0 sin-, = _ I k T(,t)-T =l 2ink k Exp(-6 oct/L 2 )cos( iy/L) (A6) 
k~~). I= 1 si( kCS k +0 k K. ____(6 

and 
sin26: 

Q/Qo = si c ,os [i-Exp- _at/L 2)] (A7) k= 1sink k os';kk  k K 
kkkk 

where is a function of Biot number. [Bi=hL/K] and tabulated in reference 

(6). For the range of Biot numbers under consideration (Bi<0.Ol0), it was 

found that only the first term of the series in equations A6 and A7 is sig

nificant. .ioreover. it was found that for the small values of k involved k 

in the present case, the termns: 

sin k  si~ k 

2 sinc OSEkc k sin c k 1.0 (A8) i s k ksin; ccs. -

~r. -



Thus, equations A6 and A7 can be reduced tc:

T(x, t)-T: = Exp(-6kat/L")cos( kX/L) (A9) 

Q/Q = Y = -Exp(-6_t/ )  (Al) 

Also, it is known that 

b b 2  b 3  b 4 

e = 1 + b + , +. + .... (All) 

smal :a+uesll) 

For small values of (6kat/L 2 ), only the first two terms are significant, i.e.  

Exp(-6't/L2) = 1 - 64at/L 2  
(A12) k k 

Substitute equation A12 in A9 and A10 to get: 

T(x,t)-T.= 11 tt/L 2 

T(o,t)-T k (A!3) 

and 

Q/Qo = Y = 6k2t/L2 (A14) 

Substitute equation A14 in A5 to get: 

2 at 2* a *t* (A15) 
kLD k f D 

The tank of the actual system has a 6.5 ft diameter, and a 0.375 inch 

(0.03125 ft) thick stainless steel wall. For stainless steel 

= 0.15 ft2 /hr and K = 9.0 Btu/hr ft F 

Moreover, the coefficient of heat transfer by convection on-the inside walls 

for both the actual system and the model was calculated as 3.0 Btu/hrft'F.  

Thus, for the actual system, the Biot number is:

-A4-



= h*L*!K* = 0.01 (A16)

From the tabulated values of 6 in reference (6): 

k= = 0.141 (A17) 

On the other hand, the tank of the experimental model has a thinner stain

less steel wall covered by a one inch thick insulation. The inner diameter 

is almost 1.0 ft. The Biot number is a function of wall thickness, i.e.  

B. = h L/K = L/3.0 (A18) 

For small thickness (L), we can assume linear relationship between Bi and 

k based on tabulated values, i.e.  

Bi/A k = 0.001/0.032 or 6 10L (A19) 

Recalling that the time is scaled on one-to-one basis, and that the materials 

of both the model and the actual tank are the same (s.s.), and plugging 

equations A17 and A19 in equation A15 we get 

L = 0.0010 ft = 0.012 inch (A20) 

However, for practical reasons, the inner-stainless steel tube of the model 

was made of 0.015 inch thick sheets.



APPENDIX 2 

A Computer Program for the 

Calibration of Thermocouple Probes 

* GRAM THCPL 73/730 OPT=O TRACE FTN 4.8+587 

C THE FOLLOWING PROGRAM USES -EAST SQUARES APPROXIMArIONS C T-O-- E TE-M-NE--T-HE - HE '-EMPE - -!N-R NK!NE-DE -- S
C FUNCTION CF VOLTAGE AS ME4SUrLO 3Y A SERIES THEPMOCOUPLE 
C CIRCUIT T 
C 

PROGRAM HrUPL DATiAH, OUTPUT, TAP-5=DATAH , TAP E6=OUTPUT) 
EXTERNAL F REAL V( 6, T(16), A(S), WK (O , TC (1b), VP(100 TP(100 

r --- - -C -- _ ...... VP _O___ TPO 

C ... THIS ANALYSIS IS FOR THE HI>,H SENSOR 
C C.C ... ENTER THE NUMtiER OF DATA POINTS FROM CALIBR4TION -- 0F-SC 0R-- S--N -- _ -_ _ _ _ _ _ _ _ _ _ S N = 16 
C 
C . ... READ IN THE OATt: -- JC~~ 0--O --- 1= -- -- _ _ __ _ 

R O 5,1I) V II, Tii) 
I FORMAT (2(F1O.5) j 

10 CONTINUE 

C t.. INPUT SOME CONSTANTS NECASSARY FOR LEAST SQUARES 
C ANALYSIS 

M = N 

C C 0.. CALL SUBROUTINE IFLSQ TO CALCULATE A FOURTH ORDER C POLYNOMIAL FOR IEMPERATU.E -- C A LL- --t-FL-S Q-1-P-V-i-T j-,M-, A-,- N -B- W K i-TE-C ..... ....... . ...... .. .........  W ~ ~ ~ ~ ~ ~ ~ A ---- --------

C ... CALCULATE TiE TEMPE96TJRE A: A FUNCTION OF VOLTAGE C EY THE FOURTH ORDER POLYNDMIAL F DR TEMPERATURE 
T r- 2I 1 A l+N2--- -- +4 V - *3 + A 5 rC, - A(!I)A(2':VI+Al±~J 6iA(%)iv I +II () 

20 CLNT INUE 
C -C P.. L-CUL--TE-SOME TEMPERATURES-AS--.--FUNC-T13N-OF 
C VOLT4LGE FOP PLOTTING: 

VP(I) = 0.0 T P (I) = A(I + (2}*VP(lj +4(3) vVP(1) **2+A( 4) VP( 1) *-3+ 
........ ... .............. i .-..... ( 5 ) '-VP+ -- -- -(5 )4 . .- - --- ---..... ... . .  

DO. 30 i=2,1 O 
VP(I) = 3.01 + VP(I-1) 
IP41) = AdI)+2)* P (I+A(3) VP(I 2+A(4) *VD(1)3+ ---- - A -( 5 ) * -V P ( * ' . . . . . ... . .. . . . . . . .. . .. .V (1 I* *3 

3@ CONTINUE 
C C ... OUTPUT THE VCLTAGE, CALI (PATICN TEMFRATURP, -C- - N O-- tEE RAT UE-PRE:, I C TED-6y - ST-SOURES--NAL-ySS.  

HRITE(6,2) 
2 FORMAT (//,4X, tvOLTAGE' ,6X, XCLIB. TEMPERATUREt,9 , + 4PRED. TEMPERATUREt.,,4X, (VOLTSit,9x,;t(DEGREES RANKINE)t, . - -+9X ,4-( ODGRE- RAK.!NE E,/-- P I. " UO 40 I=1,N 

4 PIT E (6, 3)V (I), T II) , TC (I 
3 FORMAT (F 11. 4,F26.2,F . 2 ) 

.. . ..... ~-} - NC O NT-I" N E - - - - -.-- - - . .......... ..  
C ... OUTPUT THE COEFF ICENTS OF T-E POLYNOMIAL 

'RITE( 6, 41) A 1)i (2),A (3) ,A (4) 'AL 4 -FO MAT II,5 ,Z -=Z E!Oj / 5 xX ,Z = 1U.4,i 5X, $t43--xi-. ... ..  + El C. 4, 5XZA4 1D t: ' ,/, - 5 V, El0. 4 

C to• PLOT 
......... A -- C LL --- Q T SA Xi 3,3- .....  

CALL QIKPLT(VP,TP,1O0,12H*VOLTPG:(V) ,I0HrTEMP (R I + 30H'CALIB A PRED TEMP VS VOLTA-G-wIOi) 
CALL PLOT (-7.0, 1.0,-3) 

---- L L-- L I N E V i T i - 1 6 , 3 1. " . . . . .. . . . .. . . . .  
END



: UN , T 12 % F 73/70 OPT= IL FP

45 

-- @ 5...

VOLTAGE 
(VOL TS) 

0.0003 
,155 

.195? 
,2580 

.3330 
.3979 

.5533 

.6590 

,94 30 
.927T, 

,3250 
,m00a1

REAL FUNCTION F(K,V) 1F (K-iF_. .-1 F=-i0 -

Ir(K. .O. 2) F= V 
IFK.EQ .33 F= V'"2 
IF(K.EQ. 4) F= V**3 

--+-IF(K.E 5 F=V# Q-. 5 
RET U R N 
END

CALIB. TEMPERATURE PRED. TEMPERATURE 
(DEGRES RANKINE) (DEGREES RAN(INE) 

491.60 491 .61 
509.6 - 5_0 _ '2 . . . .  
513.60 513.59 
520.60 520.84 
529 60 5?39 ..8_ 
536.60 536.81 
545,60 545 . 44 
554.60 554.40 
565.60 555. 12 
575.60 575.68 
5 3.60 53. 5 2 
598.60 598.33 
595.60 595.90 

... ...558.60 553.17 
526.60 55 56 
491.60 491 .62

Al = .4916E+07 
A? = .~3+3_ _____ 

43 = .319EE+02 
A4 =-.5723E+02 
45 =_.2379E+02 ___ __ _____

*## 10.5 2.01. FLAMlM9R Crj016ELINES PRDT En //EN RITif_ O 2 
FLAMM9P GOO0166 LINES PPJNTEE / END D)F L IST ii LO 22

C T N



APPENDIX 3 

ANALYSIS PROGRAM



,HE r-FOLLW IING PROgP M EVALUA, E3 .HE PC.LVTOP C INDEX E U TH 

FN CA5T .- . EXPANDS fr4 A ODEL .. U.-E.FION

C E Ri',N T1 I CI l TT C M 1 4 

DJ'qN0 V L'c ;  i0C, TT000) T!TM1_0O., T 1TL !,G ;, FL (!O00), 
+ p 7.1 1.,.' ) ,5.'.OO) T(100) T 1 O0 ) 733 fO .C' L V '( 10 0 0 

E I' C CDC" X P P 10 0 

F4 

C HAT-' 10!3 0 "1 h~1 " ..... -"E, VALVE . .. :.

t I T ' ( t 1 11 .. 1 p.. L)p I 

F . : O-F". ... .... STI'-ii3= A"" T IX 

FOF'iAT(11X= F9. E L,'  T) A U, . ." , 

F LT. T(I-)NDATA I - .
T.{( LT. T(I-!) 0 0 TO 400 - """" ° : 

. .. ...... 4"... -" 

.'J. c4 L ~ FTL.---= . .... .LT . DAT '., -. .. -r" 

r,,A E = 'TIO4. DAT" ......-

- ~ ~ C t R1A3~E 3 T H'E EJ -~ 2'! CETI OW~A 0 
r', 'T:ZT. p 7 I -- i,_pF 7[' 7 . N7 Er- .... LX - '  

['FF, O.,R 

. .. . ) *.'., 'a. .-1 , A. = . - " .. E 

HB END ' -A *rE:' -- O .... . -N" 

.CO ~~ ~ D il'li 4D/f~ 

T .t= _r . - -F .,.U - E A 

.. ...... 3Y T E -E' 3 -T. ... S L.E5: THAiN 37 P I 

jr4D ,4"\- = 11'N, P 'ATA 

lF( LfM1ID LE. 27 Er

: (T) LE. '2,?7 GO -, ,')

UC) 00~iT NUE 

IF THE TANK ,', UF- ENEVER FALLS' "3ELOW 37 P IAa THEN, 
THE END OF TESTINO C0 URS WHEN THE LEV EL METER OUTPUT 
INDICATES A LEVEL .F- LES THAf-I TWO FEET: IN THE TANK.  

D l22 I=NBGN,NDATA

Rl QtJ T-',: U7. .  

THE FLO'W 
SO- GP M 

4 

*0 *4-PM. ..:



IF(ILM(1). LT. 29NEND =I 
IF(ILi(I). LT. 289)G0 TO 402 

122 C ON T1 iNUE 
NEND = NDATA 

TTHE TIME AT HE START OF EXPERIMENT EQUAL TO ZERO 
AND ADJUST SUBSE3UENT TIMES

402 DO 12.5 =N(N! NEN1',D 
125-TEX? 1 ) .. .= ThI . - B) 

15 CONTINUE " 

CONVE.T THE D.0IT17ED DATA TO .OLTAGES 

,, T T. F.L ATT IT+ f 1 0. 02
v ~F L 0A T ( iT1( M . 00-2 5 

- I", FlOA T(-,IT( 

YFM I) - FLOA (IFM(1)*0. 0025 
V F -1,= FLGAT(I T (I))*.O0 2 
VLM(I) = FLOAT (IF1( *0. 0021.1 

1 20 CONTNtE 

CALCULATE THE TEMIERATURE IN DEGREE RAN", NE; 

IN PSIA, THE -- ' TE, N '.P..
THE GAS PRESSURE

DO 140 I= NBCN, NEN-.i.  
TT I) = 491. 6 + 108- 39>YTT( 1,' 31. 96*VTT(I ).2 57 23e 

+TT , ),3 Y .. 79VTT T 4 
T 96 O-T + 7*. OV T i 1.)**2 - 202. 5:

TTM() .--3 + 0. 43*-T 19( *r4 TL<: { "491.6 + 2O.0-:-2-VTL( I - 19. OI1*VYLI). .*2 - 28.0_5* 

= 30. EeV;) + ,47 

C THE VALUE OF 30. 0 '0. r PSI VOL T THE TRA,-.FS F NCTION 
OF TH E3.UF~~; 

FLOWiT) 2 .Fr1I 

T.E Al. E OF 1a"!0 12. ,PIl/OLT. THE TRANSFER FUNCTION 
OF THE FLOW 7,_. E..T.  

140 CON T NUE 

CALCULATE THE DENSITY f THE WAER IN POUNDS PER CUBIC FEET 
C AS A FUNCTION OF ITS TETIFERATURE IN EGREES RANKINE USING 

A TSECOND ORDER OLYN01IAL 

DIENS ITY.= 4-7. .56593 + 06339 *T L(NB G, 0. 6909E--O4*TL(NBGN)**2 

C 

Co CALCULATE THE VL."UM OF THE GAS T N CUBC FEET FROM LEVEL METER 
OUTPUT .... { =47.569 + 69TL(BN - O. 09 -4T-NN) .... A CU A E H VL ME O T E S N CU I F E F44-V L E E 

Z7 OUTPUT

++ .



HEIGHT =1.' 22 
IF( C ASE. EG-'. I) AR EA = 0. 7 57,1 
i F ( CA.-* E Q. 2 ) AR EA =0,. ~6 00 
I F (CASE . E 0 3 ) A EA = 0. 6 600 

* VTANK. HEIGHT*AREA 
FCTI 1-72. e0-kAEA 
FCT ;="T1/DENSlTY 

* .THE~JAUE 72.0 =(PE$/VCLT)*(G/GC) 

c (1.2. ~L-F/ *V*OLT)) *(Lf/LB-F:)*(144IN**2/FT**2C') 

DO 150 I=i J3 N, E D 
YC.LM (I Y TAN. - FCT2*VLPI (ID 

-i 0 
1CON T 11 4 U

CALCULATE THE ITAL 'CAS VOLUME AS T H E PER CENT OF TOTAL VOLUME.  

F CA S (V GL, '~N B N, VVNi -) 10 0. 0 

.. CALCULATE THE VJOLUME OF G~AS IN CUB IC FEET, FROM APPROXIMATE 
INTEC0RATIO1N OF FLOW tilEiTER OUTPUT. -

TiNT (TEXF (NEND) -TEXP(NBGN) )FLOAT NEND) -FLOAT NB GN)) 
D40 I I N 3 NND

F F~ 1 0. 2~-4V:(I 

VG101 MNBGN~ '3.. 2E33 

SUM = 0O .

4-U

1114, P PUT SODME CON STAN TS' NECASSARY FOR LEAST SQUARES A NAYS I 3 

M= 4 ED -33NSN I 

T CL F3~OTN FLS'G TO CALCULATE A SI XT H ORDER POLYNOMIAL., 
FOR PRESSURE AS A FU-JNCT1IN OF TIE i 

CALL IFLSG F 1 TEXP (NBGNP(NBGN M,A, NB WA, 10R), 

-.. USETHIS POLYNIOMTAL TO PREDICT PRESSURE AS A FUNCTION OF TI ME' 

Do iso I ENNEND 
PP T, A( 1) + A(2)*TWEXP(i) + A43Nt*TEXP(I)**2+ 

A A(4)*TEXP(I)*3 A(5)*T)EXP(I)**4 + A (')-*TEXP I)** 

CCONT. INUE 

7': Z -,4
o

7 7!7 .9

4 

Ap



C .. CALCULATE THE POLYTROPIC INDEX N AS A FUNCTION OF TIME 

D0 190 [=NBiN,NEND-I 
P()= ALOG(PP(NSGN)/PP(I+1)) 

VI(.,) = ALOG(VGFM(+!)/VGFM(NEGN)) 
IF '  .I. E0. 0. 0) VI( ) = 0. 1E-O8 

1 9 0 C 0 N T ItN U E .. . .  

OUTPUT THE DATA AND THE RESULTS 

!F(CASE. EQ. 1) WR T E 2 910)FNAME, TINT 
Si0 F0FIATX, CACSE i: NO INSULATION'" NT40, 'DATA NAME ', A9, T77, + 'SAMPLING INTERVAL ',FS. 2., ' SEC ,I) 

IF(CASE. E-Q.2) WRiTE(2, 1)FNAME e 1 "-'Y': : iNSULA TC 7 T40, 'DATA NAME ',A9, T77, 
+ '--, .,,,,,-,.," ,"., INTERVAL F5 21 1' -".C ,1 //1:, F C A SE. E C ;, * 3 *WR11'EC2E31. 2*. /) 
:IF(CASE. EO. 31 WR1TE(Z, .2)FNAME.  

12 FORM.1T(3, 'CASE 3: S. S. I,11- R T4, 'DATA NAME A9 T77, 
+ "SA1PLIN@ INTERVAL F'F5. -2,.. C" /) 

IF(VALVE. EQ. I)WRITE(2, 8I3),PCcAS, P(NEGN) 
£13 FCRMAT(3X, 'INITIAL GAS VOLUME -- FS. 2 F5 2 T40, 

INITIAL GAS PRESSURE = ',F'.2," PSIAT85, 
+ S(' ,- : .. v1-_ CLOSED' 1,// 

iF(VA. L-E. E-. 2) WR ITE( , I .PCGA S, P fNB 0N) 
-- F. CRORMAT X 'I NITiA 7 AL G rA. VOLUME -' LMF. 2, " T4O, 

+ 'INITIAL GAS PRESSURE= ",F6_ 2, ' PSIA', T35, 
O " " AS 'VLVE OPENED' //) 

WRITE 2. 615) N NEND) 

S:70RM '1;, *** OVERALL N F 6. 4, 
WR i TE f S00) 

a 0 F R!ATT4, "TIE,' T 9 'TEMPERArURES' T43,, 'PRESSURE', T60, 'FLOW', 
+ T73, "'GAS VOL'J ME'. T93, tPOLYTROPiC', /, T15, 'GAS',T21, 'LIQ/AS, 
+ T31. L TQ T40, 'ACTUAL T T4 8 ,PRED IC T 6 0 'RATE', T73, 'LM', T82, 'FM', 
+ T95, INEX T5 'T23, (R) ';T44, '(PSIA) ', T-60 G'(PM) ',T7 5, 
+ "(CU-FT ', T91 '(DIMENSIOCNLESS)',/)

WR*ITE.t.: M)-. TEXP ( N ).N TT C .N , TP-'.N ), TLe'NI3PN),P NB ; PP (NDON). ...  
+ FLOW(NBGN), VGLMNBQN ,V FMIN r " " ..  801 FORMAT(T3,, 5. 1,T14, RS. 1, 122 ,F. 1 T3 , F. 1-.T40, 1%. 2 T48, F6._2.. .  + T60, F5.'-,T71,F6. 3, TOO, F6 3, 9X, "----.!) . . .-.Ii"..IP = (WEND - NBGN)i,,,. -. : ? 

DO 210 . . -,+T r-, : " E, , KI:P 
IF 'N( L). LE. !.40) THEN 1ii W R TE .2 8 2-, v"T-,_-A P. TT I )l ... T 1 

ELSE 
.. ... ....... TXP+( 1 :TTr(l), TM(i ), TL( ), P-("),PP(!),FLEW(I).V L ( .".  

+ VG Lf (I), GFM(I).,. 
.I) 

END IF 
E03 FORMI.AT (T3, F5. 1, T14, RD 1 T2 2 F 5. T30, FD. 1 T40, F6. 2, T46, F6. 2.  

+ T E 60, ;F5.02T 7 1 F 6 , 10 F. , T? 1 , FLO0 4, 
802. FOR MAT T3, F 5. 114 F5. 1, T22, F. 1..T30,. F. 1, T40, F. 2, T48, F6. 2, I 

+ T60, F5. 2, T71, F6..3. T30, F6. 3, T91,F1O. 4, 1 , 
CONT I NUE 

W- WRITE(2, 804).TEXP(NEND), TT(NEND), TMt(NEND) TL(NEND),P(NEND),PP(NEND)..  FLOW(NEND), VLM(NEND), Y-(INEND), N(NEND) 

r. -Z IDv

K.... ....... ... ..-.-.-.- ... ...... ....  

: " :'< .: / " . ." : -;: : , : ; ; " : : :: : ,J X .. ::. : ,': . "; ..; ':: .-t : . 't : - . " ' . '. . . : . • . / . .. . . . : . , : . '. _ : ', . -f ': .. .. c ". .4,. ,D .:

-J

.1.'

r

. ... " :,.• ' ' '.,'> ' x .
'

= . '., + '•','•' : . ' ',"., ,:,*' +/. , 7 7,7 7- 7 •" , " .-7.7 -•' ..



904 FORMAT(T3, FS. 1, T14, F5. 1,T22, iT30 F5. 1, T40, F6. 2, T48, F6.2, 
+ T60,F5. 2, T71 F6. 3,- - .F6.3,T91, IG. 4 

WRITE(2, 805) 
805 FORMAT(3X, ' * - CHANiCES IN THE GAS VOLUME ARE SMALL ENOUGH', 

+ 1 X, 'T01 MA.E THE PROCESS' T9, 'APPROXIMATELY OF CONSTANT'; 
+ IX, "VOLUME, .E. N I--- !NFINITY') 

... PLOT THE IMPORTAPNT PARAMETERS 

C 

RCASE - FLOAT(CASE) 

CALL PLOTST(O 'IN '.NN) 
CALL PLOT(9, 75, 1. 0,-3) 
CALL AXiS(0. 0 0. 0, 'T1;E (SEC ONDS). 14, 11, ,90. . 10.  
CALL AXTS(0. 0, 0. ID, 1, 9. 180. , 520. 10.  

CALL SYMBOL(-2. 0-0. 5:0. 14, 'TEMPERATURE (DEGREES RANKINE)', i80. ,30) 

CA .LL SVOL(- .0,7. 5,0. 15, 'HEAT TRANSFER CASE , 90, , 19)

CALL 
CALL 
CALL 
CALL 
C ALL 
CALL 

C ALL CALL

SYI'iBO <-& 5, 7. 75, O 
S,'BOL(--8. 4, 7. 75, 0.  

S'YMB3L(-7. 9, 7. 75.  

SYMBOL(-7. 5, 7. 75,0.  

NUM ER (-9 . 0, 10. 5, Q.  

NU.13ER (-8. 5, 10. 5, 0.  
NUMBER (-S. 0, 10. 5 0.  
SYMBOL (,-7. 5,9. 75,0.

1, .,: 'GAS VOL. ( ) ' 90 18 
10, " INITIAL', 90. , 18) 
15, 'PRES. (PSIA) = ,, 90. , 18) 
10, ' INITIAL', 90. , 14) 
15, 'DATA NAME = ',90. 12) 
15, RCASE, 90. , 0) 
15, PCGAS, 0. , 2) 
15, P (NBEN), 90. 2) 
15, 'DT104. AT,.90.!, 9)

C . . PLOT THE GAS TEMPERATURE AS A FUNCT*1.ON OF 'TIME 

OTT = . (7 T(ND':3N)--120. ) . " 

PTEXP(NB N)-= TEXP(N1'"),-,H /10, 
CALL SFYMBOL(PTT, PTEXP(NBGN)+0. 2,". 1, GAS', 90., 4) 
C.ALL PLOT(PTT, PTEXP ItN-G) ,3) 3) 
DO 700 I=N3GN+I, NENID 

PTT -(TT ( 1) -120. )/0, 

PTEXP( ) = TEXP(I)10.  
CALL FLOT(PTT, PTEXP(i),2) 

700 "C'h4 -N 

P L 01T T1. QULID H_ -.. TE.PE ..TU. A FUNCT ION IF TIME 

PT 1= - (TM(NBGN -52 ,. 1!0.  
CALL SYMi-L(PTim-O, 1, PTEXP (NIBN)+ 2, 0. 1, L0/GAS' 
CALL LOT(PTM, PT,.XP 7, .C.,3) 
DO 701 1NB=N+1, NEND 

PTM =-((TM(1)-520. )/.0) 
CALL P!_flTPTM,PTEXP(I),2) 

701 CONT INUE..  

C PLOT THE 1 L IGUID TEMPERATURE AS A F UNCTION OF T1ME 

PTL -( (TL(NBGN)-520. )/i0.  

CALL SYMBOL(PT_+O. 2, PTEXP(NBGN)'+0. 2, 0. 1, ' LIG'. 90. -4) 
CALL PLOT(PTL .PTEXP(N3GN), 3) DO 702 I=NBG N+I, INEND 

... PTL -( (TI_ I-'20. !0.  

...CALL. PLOT. PTL,.P TE,-P'I o 2) 

702. CONTINUE 

.........................  

-7.-

90, .15)



__________ IA* .,,.;..~

C ALL 
CALL 
CALL 
CALL 
CALL 

CALL 

CALl
CALL 
C ALL 

CALL.  

C ALL 
C ALL

3 Q SL -S. 45, 7. 7 5,0G.  
£ M 0 L (-B. 40.7. 7 5 .  

~IL( -7. 9, 7. 75,0.  
SYM30L -7. 5 7. 7 -1,0.  
NU M ER ( -. 0, 10. 5, 0.  

NUDR-e, 5- 10o'
NUMBER -8. 0 10. 5, 0 

Y S. -0 L -7. 5,. 75,0o,

15, 'GAS VOL. (%) == " 90. 18) 
iO 1 INI1T IAL' 90. 18) 
15, 'PRES. (PSIA) go 9. I e) 
10i i INITIAL", 90. 14) 
15, 'DATA NAME '90. ,12) 
1.5, RCASE.. 90. ,0) 

15, P CGAS, 90. 2) 
.5, P (NDON), ?0. , 2) 
15, ' DT04. DAT', 90., 9)

P L 10' T :0 0
XS (0. 0, 0. 0, 'TTInE (SEC ONIDS 1. -4, 11, , g0. C.. tO1.  

Ax iS (0. 0, C;. 0, ' '! 9 1 1so. C. , -. 0) 
SY B CL - 3. 2 5,-0, 5, 0. 14, 'FLO0W R AT E (GPM) I,180. 16) 
IEYMBSOL( -9. 0, 7. 5, 0. 15, 'HEAT TRANSFER CASE ', 90. 19)

* .LOT THE FLOW R.ATE IN GPM AS A FUNCTION OF TIE 

PLOT,- (LO(BO~s 
CAL! r--_"OT4FL0TF, PEPrBN,3 
DO' 702 C zSNlM 

R LOT F LO-0W I11.  
C ALL FL OT(P LO--F-, P TEXP (1) 2) 

CAL' ATIS (t). C, , T 1M E 6E COC3N D S -14, 1. 90 0.10.  
CL L AXI S(O0. 0,0.) 10 '. 9. , 1 60. , -0. : 12.

C-A LL 
CALL 
CALL
C A L_
C AlL L 
CALL 

CA4L L 
CAL L 
CA4LL 
C ALL 
CALL

SyBl( -3.  
SY 30L (-cl 

'Y Mi 1;OlL ': as.  
SY M OL ( S.  

SYML f -7.  
SYM 6OL (-7, 
NUM BER --9.  

PUMBER LP3-ER 

EYN 13 -:1.

,7.5, 0. 1 5, 'HEAT TRANSFER CASE ?90. ,19) 

4, 7. 7 5,. ',0, ' I NIT IAL', 90. ,18) 

517. 7 5.10. 1tC, . NITIAL', 90. 14) 
51 7. 7 51 0, 15, 'DA AINE 9 0. 1C% 
.0, 10. 5, 0. 1 5 fRCASE., 90. 0) 

10 . 5 .15 PC GAS, 90.2) 

5, 5. -7 5.0, 15, ' DT IOG4. DAT' 90. , 9

C .. PLOT THME PRESSURE AS MlE ASURED 0-Y 
OF Tfl'iE 

PLOTP (PN-o./2 
CALL LTTP- PN;N, 
DO 7-04 :N0NI, MEN.O 

CALL LC7(PL 01 FP IFE>< P 1 2~ 
704 CON I;' H 

CALL SYMBOL ( FLOTP-tl 1,;TEXP ( MEMO) 

c ... PLOT, TH-E SMIDOTHED PIRE:ZSURE AS PRE 
L- POYNMIAL AS A FtJNCTIOIN OF TIME 

PLOTFP -- (PP (NBN-1-30. /12.  
CALL L'TLOTP P, PTEXvP(IN B ON' 3) 

DO 705 I=NGN+1, NEND 
PLOTP?? ( -PP ()-3. ) /12.  
CALL PLOT(PLOTPPPTEXP(I),2) 

*~ CONT ~I NUE 
C ALL. _SYMBOL PLOT pp+O. 2, P TEX P (MEN D), 

C

THE P RESSURE M1ETER AS A FUNCTION 

A. C, T ACUAL 90.. 7) 

~D I ClED riY THE FOURTH ORDER 

0. 1,' SEOOTHED'90. 9)

I 
.4 

... ~..;.,4 >4 
* ~



- ,. - - - - - ,,,-.. ~

C ALL_ 
C.ALL 
CALL 
CALL

5, 0.15, 'HEAT TRANSFER CASE '90., 19) 
75,0. 15, 'GAS VOL. (%) = ',90. 18) 
75,0. tO0 ' INITIAL'. 90. *18) 
75,0. 15. 'PRES. (PSIA).= '90.. 18) 
75,0u. 10, ', INITIAL', 90. ,14) 
75,0. 15, 'DATA NAME '90. 12) 
5, 0. 15. RC ABE, 90. , 0) 

5, 0.'15 C S, 90 2) 

5,0. 15, P(NBGN), 90. ,2) 
75, 0. 15, 'DT104. BAT', 90., 9)

C ALL SYM~BOL (-9. 0, 0.  
CALL ;SYMOL-8 5, 0.  
CALL SYMBOL(-8. 4.0.  
CALL 'T YBOL (-&. 0, 0.  
CALL SYIIBOL(-7. 9,0.  
CALL 'SYMBOL(-7. 5,0.  
CALL NUMBER (-9. 0, 3.  
CALL NUMBER(-S. 5.3.  
CALL fJUMBER(-6. 0,3.  
CALL SYMBOL(-7. 5i.2.

*.P LOT THE VOLUME OF. THE GAS' IN CUBIC FEET AS MEASURED BY THE 
LEVEL METER A'S A FUNCTIOM OF TIME 

RiOTVL -(VGLM(NBGN)j1 0) 
CALL SYMBO3L (PLTV_-~ *,25 PTEXP(MGN)+. 5,0. 1l 'LEVEL METER', 90. .12 
CALL PL0T(PLOTYL. PTEXF(NB3GN). o: 
DO 706 i=N!3GN+1,NEND 

PLGTYL = -(VGLM(I)/lO0) 
CALL PLOT PLOTVL, PTEXP (1), 2) 

701 CONTINUE 

*.PLOT THE VJOLUMIE CF THEGAS IN CUBIC FEET AS MEASURED B~Y THE 
FLOW METER AS A FUNCTION OF TIME 

PLOTVF - ( YFNI( NBGN) IL 0) 
CALL SYM.BOL(PLGTVFI-0. 3,.PTEXF CNBGN)*l. 75, 0. 1.'FLOW METER',?0. 10) 
CALL PLO'T(PLOTVF. PTE;XP(NBGN) .3) 
DO 707 l=N~qN-i. NEND 

PLOTVF - (VGF(I) / . 0) 
CALL FLOT(2LC0TVF, PTEXP(i),2) 

707 CONTINUE

CALL PLOT (1!. 0. 0. 0j -3) 
CALL AXIS(O. 0, 0. 0, 'TIME (SECONDS) ',--14, 1 1.  
CALL AX S(0, 0,.0. 0, ' ',1,9. , 1.SO. . 0. 5,0. 10 ) 
CALL 'SYM1BOL (-2. 5, -0. 75,0. 14, 'POLYTRUP1C. 1 

.180,133), 
CALL SY M BOL (-2. 7 5, -0. 5, 0. 14, 'FOR VAL UES O0 

CALL 'SYMOL (-9. 0,.7. 5. 0. 15. 'HEAT TRANSFER
SYMBOL C-8. .5,. 7 5..  
SY9OL (-6. 4,7. 7 5, 0.  
SYMIBOL (-S. 0, 7. 75,0.  
SYMB~1OL (-7. 9, 7. 7 5.0.  
SYM SOL (-7. 5. 7. 75,.0.  
NUMBER 1-9. 0. 10. 5, 0.  
NUMBER( -8. 5, 10. 5. 0.  
NUMBER~ (-8. 0, 10. 5. 0.  
SYMBOL (-7. 5; 9. 7 5,0.

'GAS VOL. F 

'PRES. (P1 
1 INITIAl 

DATA NAME=' 
RCABE. 90. .0) 
PCGAS 90., 2) 
P C NUON); 90., .2) 
'DTl04. DAT',90.

C, .. REASON ABLE. LIMIT FOR PLTTING POLITROPIi 

DO 708 1 =NBGN+1. NEND 

CONTINUE.  

C..

go9. my0 *10.  

QDEX (DIMLEN'SIONLESS) ', 

-N LESS THAN. 1. 4'. iso0 .  

CASE !,90. ,191 V, . A 

ITiAL', 90. .18) 
A) ', 90. *18) 

Lf, 90. , 4) .  

.19)1 

C. INDEX IS N <OR= 1.4

PLOT (1. O0.0.l-3) 
AX IS (0, 0, 0. 0, 'T IME (BE C ONDS) '.14, 1 1. ,9 0. 0. , 10.) 
AX iS (0. 0 10. 0, 1 '. 9. 180. 0. 0, 1. C) 
SYM'BOL(-2. 5,-0. 5, 0. 14, 'GAS VOLUME (CUB IC FEET)'. 1B0. 24)

CALL 
CALL 
C ALL 
CALL 
CALL 
C ALL 
C ALL_ 
CALL 
CALL

I

-V 

I 
*~ ) 

-I



CALL" 
C AL L 
CAL

FL 0T ( I1 0, 0,0,
S YIMB OL(- 0, C) 1 0

*PLOT THE POLYTROPIC INDEY AS A FUNCTION OF TIME 

709 fPLOTN -(N (I1)-0. 5)/0. 10) 
CA.LL PLOT (PILOTN, PTEXP (1) 3) 

00~~~~ 71 J+1N 
Pf 07TN = (N (J) -0. 5 /0. 10) 
CA L~ FLOTP LO TN, PT Er-*:P (J, 2 

C C0NT I Nluc
00 CAL L 'S~rl-0 L P LO fl+(D 2,1) f PTE -%P ED)-1. 7, o). 14, 
+ 'OVER44LL t*= ?0. ,12', 

CA LL -N U IBERP L. Tl + C) WO2, -Phx (NEND), C.14, N (NEND), 90. ,3)

F-N ,90. , 5)

R EAL F 1JNCTiON F I K T E P: 
IF("E Q. I Fl 1. 0 

Il 
.(v,, E . Fl I T EX-~

IF-~ E C. 54 Fl I _ * 

1 F (,K. EQ G ) F! I *E 'x 
R E TU11RNl

","V4

In r-

.....................

q 

f



APPENDIX 4 

COMPUTER OUTPUTS 

This appendix contains the computer outputs for all 

experiments performed. The output of each experiment consists 

of a summary table of results of temperatures, liquid flow rate, 

gas pressure, gas volume, and gas polytropic index. All data 

are presented versus time. The following comments need to be 

mentioned on such data.  

1. Many problems were experienced with thermocouple probes, 

particularly the Liquid/Gas one, due to water leakage 

under the epoxy to the bare wires causing short 

circuit. In such cases, the water temperature was 

measured before running the test using the J-thermo

couple connected to the heater's temperature controller.  

2. Values of gas polytropic index is higher than 1.4 

during the first few seconds of each test. During 

these few seconds, the process is almost a constant 

volume one, i.e., n=o.

- A4 -



U . . *. .~U 1:1. i I*J. I rT~- ~ -

3I AL CA .l.I, h" = 14. 5 GAS VALVE CLOSED Case No. i 

Data Name

G,',' L I-3/ A S :

T-1ME 

0. 0 

4.0 

8. 0 

12. 0 

16. 0 

20. 0 

24. o 

28. 0 

32. 0 

36. 0 

40. 0 

44-0 

t 6. 0 

6'0. 0 

64.0 
6 3. 0 

72. 0 

76. 0 

80. 0 

00. 5

7. 5 

. 7&. 9 

5..76. 4 

:175. 8 

5 7 5. 3 

574. 2 

",73- 3 

573. 6 

573. 3 

5 

.iIt.. 2 
20 

8 

'02. 2 

-3 3 

.;73. 3

6 :-1 

6(4.  

604.  

6,..  

604.  

L6C4 t

'573. 3 604. 5 602. 5

60.3, 4 

602. 5 

Lt'.;,. 4 

602. 9 

6O3. 3 

6,.IC. 0 

602. 5 

6!.2. 5 

602. 5

PRESSURE 
ACTUAL PREDIC 

(PSIA 

.4. 55 74.71 

7'2 90 72.72 

.. 28 70.28 

0. 50 67. 59 

64. 72 64.133 

.2. 63 62. 12 

,9. 55 59. 53 

56. 92 57. 12 

*4. 83 54.90 

t3. 02 52.83 

t .15 51. 02 

'9. 20 49. 31 

47. 85 47.71 

13 46. 13 

;;4. 47 44. 70 

43. 27 43.24 

40. 50 40.45 

39.45 39. 19 

33. 10 38. 12 

37. 42 37. 39 

36.83 37. 33

FLOW 
RATE 
oi M) 

0. 00 

8. 97 

10. 11 

11.61 

13. 65 

14. 97 

15. 72 

16.20 

16. 59 

17. 07 

17. 55 

17. 94 

13. 36 

18. 31 

19. 23 

19. 59 

19.89 

20. 28 

20. 61 

20. 85 

21. 18 

21.27

GAS VOLUME 
LM FM 

(CU-FT) 

2. 720 2. 900 

2. 990 2. 945 

3. 145 3. 031 

3. 213 3. 126 

3. 253 3. 239 

3. 449 3. 367 

3. 625 3. 505 

3. 733 3. 647 

3. 847 3. 793 

4. 016 3. 943 

4. 158 4. 097 

4.340 4.256 

4. 536 4. 417 

4. 719 4. 583 

4.808 4.752 

5.110 4.926 

5. 210 5. 102 

5. 448 5. 281 

5. 624 5. 463 

5. 806 5. 648 

5. 982 5. 835 

6. 015 5. 859

01 
0I

DAT

POLYTROPIC 
INDEX 

(DIMENSIONLESS) 

1. 7597 

1. 3896 

1. 3366 

1. 2823 

1. 2363 

1. 1995 

1. 1716 

1. 1474 

1. 1251 

1. 1033 

1. 0832 

1. 0657 

1. 0513 

1. 0400 

1. 0322 

1. 0274 

1. 0238 

1. 0190 

1. 0094 

0. 9901 

0. 9868



INITIAL 7-- z'I* ;%t ': . (-AS; YL " (L.jb E D Case No. 11 
Data Name =

o l-4 0VERALL N = 0. "723! '-

TEMPERATURES PRESSURE
GAE L IG/GAZ LIG ACTUAL PREDIC

TIME 

('S) 

0.0 

5.,5 

11.0 

16. 5 

22. 0 

27. 5 

33. 0 

38. 5 

44.0 

49. 5 

55.0 

60. 5 

6. 0 

71.5 

77. 0 

62. 5 

88. 0 

93. 5 

99. 0 

104. 5 

107. 5

576.  

575.  

574.  

573.  

572.  

570.  

569.  

569.  

568.  

569.  

569.  

562.  

568.  

568.  

568.  

568.  

570.  

569.  

569.  

569.  

570.

(R) 

604.  

604.  

604.  

604.  

604.  

604.  

604.  

604.  

604.  

604.  

604.  

0I.  
604.  

6.04.  

604.  

604.  

604.  604.  

604.

(PSIA)

601.  

6J1.  

,-00.  

600.  

600.  

600.  

60.  

&DO.  

6XI 

6.r0.  600.  

600.  

600.  

600.  

600.

95. 02 

90. 30 

84. 97 

79.65 

74.78 

70. 50 

66. 75 

63. 38 

60. 15 

57. 23 

54. 60 

52. 20 

49. s0 

47. 03 

45. 37 

43. 42 

41.47 

40. 65 

39.08 

37.72 

36.97

95. 51 

90. 05 

84. 77 

79. 76 

75. 07 

70. 75 

66. 60 

63. 23 

60. 00 

57.09 

54. 45 

52. 05 

49. 33 

47. 76 

45. 60 

43.94 

42. 17 

40. 50 

3F'. 96 

37.66 

37.06

GAS VOLUME 
LM FM

FLOW 
RATE 

(G PM) 

0.00 

11. 07 

12. 75 

14. 37 

15. 84 

16. 59 

17. 19 

17. 82 

16. 30 

18.93 

19. 59 

20. 07 

20. 49 

20. B6 

21. 36 

21, 66 

22. 17 

22. 59 

23. 01 

23. 43 

23. 64

3.  

3.  

3.  

3.  

3.  

3.  

4.  

4.  

4.  

4.  

6.  

5.  

5.  

5.  

6.  

6.  

6.  

6.  

7.  

7.

( CU-FT ) 

702 2. 784 

769 2. 887 

032 3. 033 

261 3. 199 

422 3. 365 

624 3. 584 

921 3. 791 

008 4.005 

318 4. 227 

372 4, 455 

749 4. 691 

039 4. q34 

32 5 162 

59E 5.436 

874 5. 695 

136 5. 958 

338 6. 227 

621 6. 502 

958 6. 781 

194 7.066 

409 7. 223

- CHANES IN THF AS.'0 E AR SMALL ENOUGH TO MAKE THE PROCESS 
A~R i TE! . 'f 0 C( ::T:.I JL':IF.Ll, 1.E, N ... ], IN"FI fT

IN.T[AL

101 DAT

POLYTROPI C 
INDEX 

(D I MEN; I4L E SS) 

I. 6198 , 

1. 3934 

1. 297 6 

1. 1665 

1. 1584 

1. 1342 

1. 1134 

1. 0945 

1 . 0770 

1. 0609 

1. 0472 

1. 0359 

1. 0269 

1 0204 

1. 0155 

1.0114 

1. 0067 
.1 

0. 9993 

0. 9931

- : .. j" , I -'!_ ! .. - 1 -1 L -, " 1 fl, I



IUIT!tL *;A :..2U~.A - Case No. 1W 
Data Name = DT102. DAT

";;, ,'EYiL'
- N = 3 ': ;L,5 -,"

TEMPERATURES 
GAE L IOl/,GAS L. 10 

(P)

TIME 

(S) 

0.0 

6. 5 

13.0 

19. 5 

26. 0 

32. 5 

39. 0 

45. 5 

52.0 

58. 5 

65.0 

71 5 

7E. C 

84. 5 

91.0 

97. 5 

104.0 

110. 5 

117. 0 

122. 5

578. 0 

577. 2 

576. 6 

574. 7 

573. 9 

572. 8 

572. 2 

571. 7 

570. 9 

570. 9 

571. 1 

571. 1 

570. 3 

569. 8 

572. 2 

572. 0 

571. 4 

570. 9 

571. 7 

572. 0

604. 5 

604. 5 

601;. 5 

6C4. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

L04. 5 

60C,4. 5 

604. 5 

604. 5 

6C. 5 

604. 5 

604. 5 

604. 5 

604. 5

-- .. 9 

603. 6 

11-3. 9 

694. 4 

LC4. 4 

604. 4 

604. 4 

604, 4 

'04. 4 

6C04. 4 

604. 4 

604. 1 

603. 9 

60'3. 9 

.'..9 

6-03. 6 

6,03. 9 

6.3. 9 

6c-.4. 1

PRESSUR E 
ACTVAL PREDIC 

(PSIA) 

94. 50 95. 57 

90. 22 89. 97 

84. 82 64. 60 

79. 50 79. 54 

74.63 74.84 

70. 35 70. 52 

66. 45 66. 5B 

63.15 63.00 

60.00 59.77 

57.08 56.83 

54.15 54.15 

51.53 51.69 

49. 20 49. 40 

47.25 47.26 

45.37 45. 22 

43.13 43.29 

41.33 41.46 

39.97 39.79 

38. 40 38. 30 

36.90 37. 24

GAS VOLUME 
LM FM 

(CU-FT)

FLOW 
RA TE 

0.00 

11. 46 

13. 44 

15. 42 

16. 56 

17. 25 

18. 00 

18. 66 

19. 35 

20. 04 

20. 58 

21. 06 

21. 57 

22. 08 

22. 59 

23. 07 

23. 52 

24. 00 

24. 48 

24. 87

POLYTROPIC 
IFJDE×.  

( DI ML-! S I ON;.ESS )

3. 153 

3. 348 

3. 530 

3. 746 

4. 043 

4. 393 

4. 643 

4. 932 

5. 337 

5. 431 

5. 741 

6. 146 

6. 415 

6. 793 

7. 130 

7. 447 

7. 757 

8. 155 

8. 559 

8. 829

1. 6 2 9C * 

1. 3657 

1. 2513 

1. 1814 

1 1395 

1. 1108 

1. 088c 

1. 0682 

1 0 50 

t 0352 

2. 023

3. 233 

3. 355 

3. 535 

3. 744 

3. 976 

4. 221 

4. 477 

4. 742 

5. 017 

5. 303 

5. 596 

5. 898 

6. 207 

6. 523" 

6. 946 

7. 177 

7. 515 

7. 859 

8. 210 

6. 512

- - CH.ACZES IN THE CAS VOL.UME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APFROX IMATELY OF CONS VOLUME, I.E. N -- :. INFINITY

. ': " ,9 . T , ' i

I A

1. 0117 

1. 0034 

0. 9972 

0. 992'i 

0. 9897 

0. 9865 

0. pa12 

0. 9735

'N

Z: -[: .
: .',P!' . [: '" LE 'a,'i



* !2 AT4 ;r : :

Im I ; -IT I A
Case No. 'T 
Data Name = DT103. DAT

TIME 

(S) 

0.0 

4.0 

8.0 

S 120 

16. 0 

0 ~200 

@1 24.0 

28.0 

32.0 

36.0 

40.0 

44.0 

4ED. 0 

52. 0 

56. 0 

600.  

64. 0 

69.0 

72.0 

74. 0

TEMPERATU iE1 S 
GAS L I G/GAS .I0

5 3. 7 

567. 8 

566. 5 

565. 1 

564. 0 

562. 9 

561. 5 

561. 5 

560. 7 

560. 4 

560. 7 

560. 1 

560. 7 

561. 0 

560. 7 

561. 8 

561. 8 

562- 6 

562. 6 

562. 6

(R) 

604.  

604.  

604.  

604.  

604.  

604. 1 

604. , 

6.04.  

604. ! 

604. .  

604.  

604.  

L04.  

604.  

604.  

604.  

604.  

604.  

604., 

604.

6,D2. S 

603. 0 

63. 0 

603. 0 

6D3. 0 

603. D 

603. 9 

602. 2 

602. 2 

602. 2 

6fl2 5 

802, 2 

602. 2 

602. 2 

602. 2 

602. 5 

602. 2 

602. 2 

602. 2 

602. 2

PRESSURE 
ACTUAL FPED'IC 

(PSIA)

95.47 

89. 70 

83. 55 

77. B5 

72.22 

66. 02 

63. 52 

60.07 

56. 70 

53.92 

52.05 

49.05 

47. 10 

45. 00 

43. 42 

41.70 

40. 35 

38.85 

37. 72 

36. 90

96. 26 

89. 73 

63. 56 

77. 04 

72.61 

67.90 

63. 71 

60. 00 

56. 75 

53. E30; 

5J. 36 

49. 11 

47. 07 

45.20 

43. 45 

4 1. 80 

40. 26 

38. 84 

37. 60 

37. 08

FLOW 
RATE 
(GPM) 

0. 0 

21. 48 

24. 09 

26. 34 

28. 44 

30. 30 

31. 14 

31.86 

32. 55 

33. 06 

33. 60 

34. 02 

34. 30 

34. 59 

34. 77 

34. E0 

34. B0 

34. 77 

34. 80 

34. 80

GAS VOLUME 
LM FM 

(CU-FT) 

.259 3.21 

[. 738 3. 3c 

. 636 3. 5 c, 

1. 845 3. e1 

102 4. 0W 

,.344 4. 3: 

.493 4. 6( 

.956 4. BE 

i. 194 5. 1

i. 437 5. 44 

. 679 . 74 

996 6. O 

421 6. 31 

.-353 6, 6" 

062 6. 9E 

". 365 7. 2 

.702 7.6( 

1. 080 7. 91 

1. 437 6. 2; 

I. 516 8. 3E

P OLYTROP IC 
INDEX 

(DI MEr3 IONLESS) 

2. 1931 

1. 5640 * 

1. 4067 

1. 3240 

1. 2674 

1. 2255 

1. 1936 

1. 1664 

1. 1420 

1. 1199 

1. 0998 

1. 0622 

1. 0675 

1, 0557 

1. 0466 

1. 0395 

I. 0330 

1. 0250 

1. 0195

- CHANGES IN THE GAS VOLUME ARE SMALL ENOUOH TO MAKE THE PROCESS 
APPROXIMATELY OF CONE ;TANT VOLUME, I. E. N -- , INFINITY

[Li"T' '.' ]L'-:'IE = 30. i':, % C ,\g ','AL','E CL:.'. .(-2

**-:i 3VE=-A-LL N' = 1. 0195 >;.-:



DT14. DAT

TIME 

(S) 

0.0 

3. 5 

7. 0 

10.  

14.0 

17. 5 

21.0 

24. 5 

28.0 

31.5 

35. 0 

S. 5 

45.5 

49.0 

52. 5 

56.0 

59. 5 

63. 0 

66. 5 

70. 0 

70. 0

TEI'iPERATURES 
,As L. IOf!AS LI

566. 2 

565. 4 

565 1 

5 4. 0 

562. 9 

561. 8 

560. 4 

559. 9 

559. 5 

557 4 

557. 1 

55S 5 

5. 3 

55t. 0 

55. 7 

55 4 

555. 7 

555. 7 

55f. 4 

555. I 

555. 4 

555. 4

565. 0 

565. 0 

565. 0 

565 0 

565. 0 

555. 0 

565. 0 

565. 0 

565. 0 

,65. 0 

.;L1 0 

565. 0 

565 0 

565. 0 

365. 0 

565. 0 

565. 0 

565. 0 

.. 65. 0 

565. 0

562. 0 

562. 5 

562. 2 

362 5 

552 2 

..6,2. 0 

'.34.. C.  

.. :,2. 2 

' 2. 5 

F53 

.ii? 2 

"m52. 0 

,.2. 5

PRESSURE 
ACTUAL PREDIC 

'(PSIA)

95. 10 

90. 90 

G5. 72 

C0. 40 

75. 52 

71.32 

66. 75 

63. 30 

59. 77 

57.08 

54. 15 

52 05 

4.? 65 

47. 78 

45.75 

44. 25 

42. 45 

41. 17 

39. 67 

38. 63 

36. 60 

36. 60

95. 06 

90.82 

85. 64 

e0. 53 

75 65 

71. 10 

66. 93 

63. 17 

59. 82 

56. 96 

54. 23 

51. 29 

a, 1, 7 7 

47. 32 

46. 00 

44. 26 

42. 59 

41.01 

39. 57 

38 36 

37. 50 

37. 50

FLOW 
RATE 

* (GPM) 

0. 03 

19. 92 

23. 37 

25. 32 

27. 27 

29. 01 

30. 48 

31. 11 

31. 74 

32. 28 

32. 79 

33. 21 

33. /5 

34. 11 

34. 41 

34. 59 

34. 74 

34. 80 

34. 80 

34. 83 

34. 83 

34. 83

GAS VULUIME 
Lm FM 

(CU -FT) 

3. 221 3. 208 

3. 615 3. 359 

3. 595 3. 532 

3. 775 3. 722 

3. 969 3. 927 

4. 269 4. 147 

4- 449 4. 379 

4. 750 4. 619 

4. 970 4. 065 

5. 010 5. 114 

5. 437 b. 368 

5. 577 5. 625 

6. 038 5. 887 

6. 352 6. 151 

6. 558 6. 418 

6. 825 6. 687 

7. 006 6. 958 

7. 319 7. 229 

7. 673 7. 500 

7. 927 7. 772 

8. 093 8. 043 

a. 093 0. 043

POLYTROP IC 
INDEX 

(0D] IiEr '. i 0rNLE3S 

2. 5179 * 

1. 5744 * 

1.,4054 * 

1. 2962 

1. 2539 

1. 2269 

1. 2037 

1. 1924 

1. 1621 

1. 1254 

1. 1102 

1. 0979 

1. 0887 

1. 0823 

1. 0777 

1. 0 7.22 

1. 0647 

1. 0491 

1. 0491

-'4.

o~:

Case N( 

Data Ni
,"1 4 'T ! i. t:', , 1. i-L .E 1 : "';5t



.i. . - . T.. , ,'., .. ..V. ..- Case NoW 
Data Name = DATI4. DAT 

iN I TIAL G i VOLUM[" T 2 . *. I r [AL :AS PR: , E - /4. .15 5 IA , *" VE .  

*** OVERALL N =0. 573't9, V 

TIME TEpiPER,,TURIE: zRESSURE FLOW GAS VOLUME PCOLYfROPIC 

GAS LI,3/GAS L1( ACTUAL PREDIC RAIE LM FM INDEX 

(S) (R) (PSIA) (GPM) (CU-FT) (DI MES IOr.LESS) * 

0.0 553. 8 564. 2 56, 3 (4 65 96. 25 0.00 2.779 2. 779 

4.4 551. 2 563. 6 5:)2. 3 .7. 97 87. 76 21.18 2. 959 2. 895 2. 24C1 03 

8.8 547. 0 563. 3 562. Q E il. 00 81. 14 23.94 3.166 3.117 1. 4338 

13.2 541. 4 563. 3 562. 5 5.63 75.96 25.93 3.419- 3. 361 1. 2430 

17. 6 538. 8 563. 3 62. 5 72 07 71.87 28.26 3.660 3.628 1. 0953 

22. 0 539. 4 563. 3 L,2. 5 68. 10 63. 58 30:00 3. 907 3. 915 0. 986 

I 26.4 540. 3 563. 0' 56. 5 65.92 65.89 30. 81 4. 307 4. 213 0. 9105 

30. 8 541. 1 563. 0 56. 2 63. 67 63.61 31. 53 4.648 4.519 0. 2515 

35.02 541. 7 563 0 51 1. 58 61 ,5 32. 19 4. 93 4.831 . ,0.4 

39. 6 542. 5 562- 8 5'. 0 ,-0. 07 59. 91 32. 70 5. 309 5. 149 0. 766 

44.0 543. 4 562- 3 5"..- 0 58. 35 58. 35 33.21 5. 613 5.472 0. 7384 

48.4 544. 2 563. 0 5 57. 00 5 n: 33. ,8 . 0U3 5. 800 0. 712V 

52.8 545. 1 561. 0 5-L 0 55.80 ,55.70 34.20 6.390 6.134 0.6907 

57. 2 545. 9 560. 2 5 i. 0 54. 45 54. 59 34. 44 6. 744 6. 470 0. 6709 

61. 6 546. 8 559 .3 5&. 0 53. 92 53 62 34. 47 7. 085 6. 808 0 6527 

66.0 547. 3 558. 7 5,6:!. 0 52.88 52.79 34. 50 7.432 7. 146 0. 6358 

70.4 547.6 559. 0 56-0 51.90 52.06 34.50 7. 792 7.485 0.6201 

74.8 548. 2 559. 3 561. 7 51.45 51. 39 34. 53 8. 220 7.823 0. 6061 

79.2 547. 9 559. 0 561. 7 50.03 50.70 34. 53 8. 533 8. 162 0. 5949 

82. 2 549. 0 558. 4 5.1. 7 50. 40 50. 15 34. 56 8. 827 8. 393 0. 58 97 

1 - C ANG- II THF GAS VOLMIE ARE SMALL ENOUOH TO.MAKE THE PROCESS



;) CASjE NSULATED 
INIWAS VOLUME 38.24 % 

*** OVERALL N 0. 9925 ***

DATA NAME - DAT20. DAT 
INITIAL GAS PRESSURE = PSIA

SAMPLING INTERVAL = GAS VALVE CLOSED

TIME TEMPERATURES 
GAS LIG/GAS L

(S) (R) 

0.0 566.7 597.0 

4.5 565.4 600.2 

9.0 564.5 605.6 

13., .5 562. 3 610. 0 

18.0 559.9 612.2 

22,5 557.4 613.6 

27;"0 559.0 614.2 

.31.-5 557. 6 614.7 

" 36.0 556. 3 613.6 

-J ":40.5 554.0 601.9 

':' 45';:0 555. 4 596. 2 

49. 5 ., 555.4 593.8 
54 4.0'L: 555. 7 59.  590.-9 

- - 555.1 569. 3 

63.0 555.1 587.9 

67.5 5 54. 0 587.4 

72.0 55 7. 589. 0' 

76.5 55 . 3 

81.0 556.3 9.  81 o 

82.0 556.0 589., 
.'0i

PRESSURE 
ACTUAL PREDIC 

(PSIA)

580. 4 94.3 

581.2 90.4 

586. 4 86. 14 

592. 4 82. 5 

596. 5. 78. 8

599. 2 74.7E 

601. 9 70.95 

603.- 3. 68. 55 

605.0 65.70 

606. 6 62.78 

607. :7 60. 52 

608. 3 58.35 

608..5 55.72 

608..' 53.92 

AOe. 52.05 

OB. 5 50.03 

609-4 pp- 1 49.05 

10. 2 .448 97 

10. 5 49. 05

5 94.52 

5 90.48 

0 86.37 

0 82.35 

78.51 

74.92 

74.58 

68.50 

65.64 

62.97 

60.47 

58.09 

55.84 

53.74 

51.84 

- 50.24 

!/49. 10 

t48. 63 

9. 12 

49. 39

FLOW 
RATE 
(GPM) 

0.00 

10.08 

11. 70 

12.63 

14.46 

15.72 

16.23 

16.71 

17. 19 

17. 52 

18. 24 

18. 51 

19. 17 

19. 47 

19.89 

20.25 

8. 10 

1.41 

0. 03 

0.00

GAS VOLUME 
LM FM 

(CU-FT) 

2. 832 2. 632 

2. 920 2. 892 

3. 030 3. 001 

3. 151 3. 123 

3. 322 3. 258 

3.465 3.411 

3. 603 3. 571 

3. 765 3. 735 

3. 927 3. 905 

4.098 4.079 

4. 278 4. 259 

4. 449 4. 443 

4.638 4.633 

4.823 4.826 

5. 017 5. 024 

5. 216 5. 225 

5. 373 5. 406 

5.414 5.439 

5. 437 5. 446 

5. 433 5. 446

CHANGES IN THE GAS VOLWM ARE SHALL ENOUGH TO MAKE TH 
APPROXIMATELY OF CONST , I N IINITY 

.... M , 
.

- INN 
T

0

E PROCESS

*I

POLYTROP IC 

INDEX (DIMENSIONLESS) 

2. 0621 * 

1.5536 * 

1. 4096 * 

1. 3225 

1. 2494 

1. 1986 

1. 1630 

1. 1344 

1.1127 

1. 0947 

1. 0805 

1. 0691 

1. 0589 

1. 0475 

1. 0316 

1. 0130 

1.0183 

1. 0010 

0. 9925



TEMPERATURES 
GAS LIG/GAS L

TIMJ 

0.0 

4.5 

9.0 

13.5 

18.0 

22. 5 

27. to 

31. 5 

36.0 

40. 5 

45.0 

0. 49.5 

54.0 

58.5 

63.0 

67.5 

72.0 

76. 5 

81.0 

84.0

567. 8 

567. 0 

563. 2 

562. 1 

562. 9 

560. 1 

558. 8 

557. 9 

557. 6 

557. 1 

554. 9 

556. 3 

554. 6 

556. 0 

555. 7 

554. 6 

554. 0 

554. 9 

554. 3 

555. 1

(R) 

601. 9 

596. 8 

596. 8 

597. 0 

597. 0 

597. 3 

597. 3 

597. 6 

597. 8 

591. 4 

587. 9 

585.2 

583. 1 

582. 5 

584. 4 

585. 8 

586. 3 

588. 5 

589. 3 

588. 5

PRESSURE 
ACTUAL PREDIC 

(PSIA) 

94.27 95.04595. 9 

594. 0 

593. 7 

593. 7 

593. 7 

593. 7 

593. 7 

594. 0 

594. 3 

594. 6 

595. 6 

597. 3 

598. 9 

601. 9 

607. 2 

611. 0 

612. 2 

612. 2 

601. 7 

596. 2

91. 12 

87.45 

83. 25 

79.35 

76. 05 

72. 07 

69.60 

66.90 

63. 45 

61.50 

59.47 

57.23 

54.97 

53. 18 

51.45 

49. 35 

47.92 

46. 58 

45. 45

91. 13 

87. 19 

83. 32 

79. 59 

76. 05 

72. 73 

69. 63 

66. 76 

64. 10 

61.63 

59. 33 

57. 18 

55. 14 

53.20 

51.35 

49.60 

47.95 

46.44 

45. 54

0.00.  

10. 26 

11. 67.  

13. 29.  

14. 61 

15.66 

16. 38 

-16. 80 

17. 25 

17. 76 

18. 24 

18. 78 

19.23 

19.68 

19.98 

20. 46 

20. 82 

21.06 

21.48 

21.75

GAS VOLUME 
LM FM (CU-FT) 

2. 957 2. 957 

3.022 3.018 

3. 129 3. 128 

3.254 3.253 

3. 393 3. 392 

3. 532 3. 544 

3. 694 3. 705 

3. 894 3. 871 

4.042 4.041 

4. 219 4.217 

4.409 4.398 

4. 576 4. 583 

4. 752 4. 774 

4.942 4.969 

5. 137 5. 168 

5. 336 5. 371 

5. 554 5. 578 

5. 740 5. 788 

5.930 6.001 

6. 074 6. 146

POLYTROPI C 
INDEX 

(DIMENSIONLESS) 

2.0557 * 

1. 5331 * 

1. 3808 

1. 2913 

1.2297 

1. 1865 

1. 1549 

1. 1304 

1. 1092 

1. 0911 

1. 0752 

1. 0610 

1. 0488 

1. 0392 

1. 0313 

1. 0248 

1. 0188 

1.0119 

1.0057

* - CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I.E. N -- > INFINITY

HEA TRANSFER CASE 

S/ G; :VOL. NITIA L .)  
.4 r

2.  

39.93

Ca97No. 2 
Data Name DAT 21

ED 

c-D 
e-1

L [(/r.RS



lw .............

FINSULATED 
GAS VOLUME - 28. 18 %

DATA NAME - DAT22. DAT IW 
INITIAL GAS PRESSURE = 93.90 PSIA

SAMPLING INTERVAL = 
GAS VALVE CLOSED

*** OVERALL N = 1. 0094 ***

TIME 

(S) 

0.0 

S 4.5 

9.0 

13.5 

18.0 

22.5 

27. 0 

31.5 

36. 0 

40. 5 

-=:=- 45. 0 

49. 5 

54.0 

58. 5 

63. 0 

67.5 

72.0 

76. 5 

81.0 

85.0

TEMPERATURES 
GAS .LIQ/GAS I

581. 0 

579. 9 

578. 0 

575. 3 

572. 8 

571. 4 

570.3 

568. 7 

568. 7 

567. 6 

568. 1 

567.0 

566. 5 

566. 5 

567. 6 

565. 4 

566. 2 

567. 6 

567. 3 

565. 1

592. 7 

592. 2 

591. 7 

591. 4 

591. 7 

592.2 

592. 7 

593. 3 

594. 1 

594. 6 

597. 0

598. 6 

601. 3 

603. 5 

597. 6 

.595. 7 

594. 3 

593. 5 

593. 8 

594. 1

588. 0 

586. 9 

585. 8 

585. 6 

585. 6 

586. 1 

586. I 

585. 8 

585. 0 

583. 4 

582. 8 

583. 4 

585. 3 

589. 6 

593. 2 

596. 5 

598. 4 

598. 9 

601. 7 

603. 0

PRESSURE 
ACTUAL PREDIC 

(PSIA) 

93.90 94.77

.89. 10 

84.52 

78.97 

74.25 

69. 67 

65.85 

62.47.  

59.40 

56.63 

53.85 

51.38 

49.05 

46.95 

44.55 

42.97 

41.25 

39. 67 

38.25 

36. 97

89. 16 

83. 84 

78.85 

74.22 

69. 96 

66.06 

62.52 

59.31 

56.38 

53. 72 

51.27 

49.01 

46.91 

44.94 

43. 08 

41.34 

39. 73 

38. 29 

37. 18

FLOW 
RATE 
(GPM) 

0.00 

9.78 

11.52 

12. 87 

14. 40 

15. 42 

15.93 

16. 32 

17.01 

17.46 

18. 00 

18.36 

18. 93 

19.35 

19.74 

19.98 

20. 55 

20. 97 

21.27 

21. 72

GAS VOLUME 
LM FM 

(CU-FT) 

2. 087 2. 087 

2. 175 2. 150 

2.323 2.257 

2. 425 2. 379 

2. '550 2. 516 

2- -. 689 2. 667 

2. 874 2. 824 

3. 013 2. 985 

3. 175 3. 152 

3. 318 3. 325 

3. 499 3. 503 

3. 675 3. 685 

3. 869 3. 872 

4.050 4.064 

4.249 4.259 

4. 434 4. 459 

4. 610 4. 661 

4.822 4.870 

5. 022 5. 082 

5. 230 5. 274

POLYTROP IC 
INDEX 

(DI MENS IONLESS) 

2. 0403 * 

1.5640 * 

1.4027 * 

1. 3081 

1. 2389 

1. 1935 

1. 1619 

1. 1366 

1. 1149 

1. 0964 

1. 0806 

1. 0670 

1. 0554 

1. 0460 

1. 0386 

1. 0324 

1. 0259 

1. 0185 

1. 0094

* - CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I. E. N -- > INFINITY

CAS 
INI

VAX/VMS FLAMMINU 
VAX/VMS FLAMMINO

RESLT 5-MAR-1964 17:48 LPAO: 5-MAR-1984 17:4B DISK$UGDISKRL3: EFLAMINO]RESLT. DAT,2 
RESLT 5-MAR-1984 17:48 LPAO: 5-MAR-19 4 17:48 DISK$UGDISKRL3: [FLAMMINO]RESLT. DAT; 2

VMA / Vi1.3 

VAX/VMS 
VAX/VMS



CASJ NSULATED 
INI WAS VOLUME = 24.29 X 

*** OVERALL N = 1. 0552 **,

'-Tk NAME = DAT23. DAT 
jITIAL GAS PRESSURE = PSIA

SAMPLING INTERVAL = 
GAS VALVE CLOSED

TIME 

(S) 

0.0 

3.0 

.. 6.0 

* 9.0 

12.0 

.15. 0 

18.0 

21.0 

24. 0 

o? 27.0 

30.0 

33. 0 

36. 0 

39:0 

42. 0 

45.0 

48.0 

51.0 

54. 0 

54. 5

TEMPERATURES 
GAS LIG/GAS LIG

575. 5 

574. 7 

574. 2 

573. 1 

570. 6 

568. 9 

568. 9 

568. 7 

568. 4 

567. 3 

566. 7 

566. 2 

565. 9 

564. 8 

565. 4 

565. 4 

563. 4 

565. 4 

563. 7 

563. 4

(R) 

607. 5 

612. 5 

612. 5 

612. 5 

612. 8 

612. 8 

613. 1 

613. 1 

613. 1 

613. 3 

613. 6 

613. 6 

613. 6 

613. 9 

613. 6 

613. 3 

612. 2 

611. 7 

612. 5 

612. 5

603. 6 

606. 6 

606. 6 

606. 6 

606. 6 

606. 3 

606. 3 

606. 3 

606. 3 

606. 3 

606. 1 

605. 8 

605. 5 

605. 2 

605. 0 

604. 4 

603.6 

603. 0 

602. 2 

602. 2

PRESSURE 
ACTUAL PREDIC 

(PSIA) 

75.45 76.24 

73. 50 73.04 

70.13 69.89 

66.75 66. 84 

63. 67 63.91 

60.98 61.13 

58. 50 58. 51 

55.65 56.06 

53.85 53.76 

51.75 51.6;3 

50.10 49.64 

47.78 47.79 

45.90 46.06 

44.25 44.44 

42.90 42.90 

41.47 41.44, 

40.13 40.05 

39. 38 38. 72 

37.42 37.45 

36.75 37.24

FLOW 
RATE 
(GPM) 

0.00 

7.77 

9.81 

10. 86 

11. 85 

12. 81 

13. 65 

14. 70 

15. 09 

15. 45 

15.81 

16. 14 

16. 44 

16. 77 

17. 04 

17. 37 

17. 79 

18. 09 

18. 36 

18. 42

GAS VOLUME 
LM FM 

(CU-FT) 

1.799 1.799 

1.822 I.836 

1.887 1.896 

1.957 1.965 

2. 031 2. 041 

2.115 2.123 

2. 203 2. 212 

2. 296 2. 307 

2. 394 2. 406 

2. 491 2. 508 

2. 598 2. 613 

2. 696 2. 719 

2. 803 2.828 

2. 910 2. 939 

3. 017 3. 052 

3. 091 3. 167 

3. 217 3. 285 

3. 347 3. 405 

3. 458 3. 526 

3. 491 3. 547

POLYTROPIC 
INDEX 

(DIMENSIONLESS) 

2. 0942 * 

1.6444 * 

1. 4874 * 

1. 3955 

1. 3319 

1.2799 

1. 2362 

1.2002 

1. 1719 

1. 1492 

1. 1297 

1.-1136 

1. 0992 

1.0872 

1.0775 

1. 0689 

1. 0618  

1.0561 

1. 0552

- CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I. E. N INFINITY



INIT] 

S *** C 

TIME 

(S) 

0.0 

4.. 0 

8.0 

12.0 

16.0 

20.0 

24. 0 

: 28.0 

32.0 

36.0 

40.0 

44.0 

48.0 

52.0 

56.0 

60.0 

64. 0 

68.0 

72.0 

75. 5

IAL GAS VOLUME = 27.96 %
DUATA NAME = DAT24. DAT 
INITIAL GAS PRESSURE - 84. PSIA

SAMPLING INTERVAL = 
GAS VALVE CLOSED

N = 1.0226 ***

TEMPERATURES 
GAS - LIG/GAS LIG

621. 5 

621. 1 

620. 8 

621. 1 

621. 5 

621. 1 

621. 1 

621. 5 

621. 1 

621. 1 

621. 1 

621. 5 

621. 1 

620. 8 

621. 1 

621. 1 

621. 1 

620. 8 

621. 1 

621. 1

(R) 

604. 0 

601. 6 

601. 6 

602. 7 

604. 8 

607. 5 

&12. 2 

620. 2 

624. 6 

626. 1 

626. 1 

625. 8 

625. 2 

626. 5 

626. 1 

623. 7 

615. 0 

611. 1 

608. 4 

605. 4

599. 5 

598. 1 

598. 9 

600. 6 

603. 3 

606. 9 

612. 7 

618.9 

620. 6 

619. 2 

617. 8 

616. 6 

615. 5 

614. 9 

614. 4 

613. 8 

612. 4 

611. 0 

609. 7 

608. 5

PRESSURE 
ACTUAL PREDIC 

(PSIA)

84. 15 

81.07 

76.72 

73.28 

69.97 

66. 38 

63.38 

60. 52 

57.60 

55.20 

52.80 

50. 33 

48. 30 

46. 35 

44.32 

42.75 

41. 17 

39. 75 

38. 10 

36. 83

85. 00 

80.83 

76.93 

73.26 

69.80 

66. 53 

63.43 

60. 50 

57.73 

55. 12 

52.67 

50. 38 

48. 25 

46. 27 

44.44 

42. 75 

41. 17 

39.68 

38. 24 

37. 00

FLOW 
RATE 
(GPM) 

0. 15 

9.39 

10.26 

11.01 

12.06 

13. 14 

13.86 

14.34 

14. 79 

16.32 

16.95 

.17.40 

17.85 

18.27 

18.75 

19. 11 

19.41 

19.71 

20. 10 

20.25

GAS VOLUME 
LM FM 

(CU-FT) 

2. 070 2. 070 

2. 121 2. 127 

2.205 2.215 

2. 298 2. 309 

2. 418 2. 412 

2. 525 2. 524 

2. 651 2. 645 

2.776 2.771 

2. 901 2. 900 

3. 031 3. 036 

3. 161 3. 185 

3. 319 3. 338 

3. 472 3. 495 

3. 593 3. 656 

3. 756 3. 821 

3. 937 3. 989 

4. 113 4. 161 

4. 290 4. 335 

4. 461 4. 513 

4.619 4.670

POLYTROP IC 
INDEX 

(DIMENSIONLESS)

1. 8498 

1. 4808 

1. 3617 

1. 2894 

1. 2354 

1. 1939 

1. 1664 

1. 1473 

1. 1316 

1. 1112 

1. 0949 

1.0814 

1. 0692 

1. 0580 

1. 0477 

1. 0384 

1. 0306 

1. 0249 

1. 0226

- CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME. I.E. N -- :;- INFINITY



CASE 2 
INITIAl

ULATED 
VOLUIE - 19.28 X

DATA NAME - DAT26. DAT 
INITIAL GAS PRESSURE - 9

SAMPLINQ INTERVAL 
GAS VALVE CLOSED

"" O OVERALL N 1 .. 0339 0*.

TEMPERATURES 
GAS LIG/GAS L 

(R)'

TIME 

(8) 

0.0 

3.0 

S 6.0 

9.0 

12.0 

15.0 

21.0 

24.0 

27.0 

30. 0 

33.0 

36.0 

-.69.0 

42.0 

45.0 

48.0 

51.0 

54.0 

)57..0 

60.0 

61.5

587. 4 

585. 5 

583. 8 

•581. 3 

578. 6 

576. 4 

576. 1 

575. 3 

573. 9 

573. 3 

573. 3 

572. 5 

573. 3 

571. 7 

572. 8 

573. 3 

572. 5 

572. 5 

572. 5 

572. 8 

573. 1 

574. 2

PRESSURE 
ACTUAL PREDIC 

(PSIA)

622. 5 

618. 1 

619. 3 

619. 0 

618. 7 

620. 4 

621.9 

622. 5 

622. 5 

622. 2 

622. 5 

622. 5 

622i 5 

622. 5 

622. 2 

622. 2 

621.'9 

616. 7 

621. 9 

610. 0 

605.1 

632. 3

592. 4 

585. 8 

585. 0 

585. 6 

585. 8 

585. 8 

585. 6 

585. 3 

585. 3 

585. 3 

585. 3 

584. 7 

585. 0 

585. 0 

585. 3 

585. 0 

5q5. 3 

585. 8 

586. 6 

587. 2 

587. 5 

588. 0

93. 90 

90. 75 

86. 03 

80. 92 

76. 20 

72. 15 

68. 32 

64. 57 

61.05 

58. 13 

55.65 

53. 10 

50. 25 

48. 52 

46.80 

45.07 

43. 35 

41.33 

40. 13 

38. 95 

37.65 

36. 83

95. 22 

90. 47 

85. 66 

80. 95 

76.42 

72. 15 

68. 18 

64. 53 

61.20 

58. 20 

55. 48 

53. 02 

50.77 

48.72 

46. 80 

45. 01 

43. 31 

41.70 

40.20 

38. 82 

37. 62 

37. 12

FLOW 
RATE 
(GPM) 

0.03 

8.01 

10. 53 

11.46 

12.45 

13.41 

14.31 

15. 18 

15.66 

15. 96 

16.26 

16.56 

16. 89 

17. 16 

17.52 

17.94 

18.30 

18.63 

18.93 

.19.35 

19.56 

19.62

POLYTROPIC 
INDEX 

(DIMENSIONLESS)

GAS VOLUME 
LM FM 

(CU-FT) 

1.427 1.427 

1.455 1.473 

1.488 1.539 

1. 571 1.612 

1.673 1.692 

1.724' 1.779 

1.826 1.871 

1.946 1.970 

2.034 2.073 

2. 127 2. 179 

2. 234 2. 286 

2. 345 2. 396 

2. 442 2. 508 

2. 549 2. 622 

2.674 2.738 

2.771 2.856 

2.887 2.977 

3. 017 3. 101 

3. 147 3. 226 

!3.258 3.354 

3. 392 3. 485 

3. 443 3. q50

* - CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I.E. N'--> INFINITY

1. 6120 

1. 4067 

1.3332 

1. 2921 

1. 2615 

1. 2343 

1. 2083 

1. 1843 

1. 164 

1. 1468 

1. 1306 

1. 1157 

1. 1024 

1. 0905 

1. 0803 

1. 0716 

1. 0643 

1. 0577 

1. 0502 

1. 0404 

1. 0339



1I'LIIAL GA5 FREtSURE = 104. 47 PSIA GAS VALVE CLOSED

- .. TIME 

(s) 

0.0 

5.5 

11.0 

16. 5 

S.. 22.0 

27.5 

33.0 

38.5 

44.0 

49.5, 

55.0 

60. 5 

66.0 

71.5 

77.0 

82. 5 

88.0 

93. 5 

99. 0 

1o4.5 

104.5

N 0 0. 9768 ** 

-TEMPERATURES 
GAS LIG/GAS I

587. 7 

583. 8 

579. 7 

575. 5 

573. 6 

571. 1 

571. 4 

570. 9 

572. 8 

573. 3 

575. 5 

576. 6 

575. 0 

575. 8 

575. 5 

.575. 3 

575. 5 

575. 0 

573. 9 

574. 4 

574. 4

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604.5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604., 5 

604. 5 

604. 5 

604. 5

636. 9 

630. 1 

607. 2 

594. 3 

584. 7 

580. 6 

576. 3 

571. 3 

576.8 

599. 7 

609. 1 

616. 9 

621. 4 

625. 7 

627. 5 

629. 8 

631. 8 

635. 4 

632. 7 

603. 3 

603. 3

PRESSURE 
ACTUAL PREDIC 

(PSIA) 

104.47 105.81 

99.38 99.07 

92.70 92.51 

86. 47 86. 28 

80.40 80.49 

75.00 75.19 

70.35 70.40 

66.22 66.12 

62. 55 62.30 

59.33 58.91 

55.95 55.87 

53. 10 53. 12 

50.48 50.59 

48. 00 48.24 

45.90 46.02 

43.95 43. 91 

42.07 41.92 

40.35 40. 10 

38. 63 b8.53 

36.97 37.35 

36.97 37.35

FLOW 
RATE 
(GPM) 

0.00 

9.66 

11. 43 

13. 32 

14.82 

15.54 

16. 11 

16.74 

17.37 

17.94 

18. 57 

19.11 

19. 17 

.19.62 

20. 10 

20. 52 

20. 76 

21.06 

21.66 

22.02 

22.02

GAS VOLUME 
LM FM 

(CU-FT) 

2. 102 2. 102 

2. 173 2. 184 

2.295 2.314 

2. 450 2. 466 

2.633 2.640 

2. 779 2. 826 

2. 991 3. 020 

3. 198 3.222 

3. 400 3. 431 

3. 602 3. 646 

3. 828 3. 870 

4. 053 4. 101 

4. 274 4. 336 

4. 519 4. 573 

4.763 4.816 

5. 022 5. 064 

5.261 5.318 

5. 515 5. 574 

5.788 5.837 

6. 056 6. 104 

6. 056 6. 104

POLYTROP IC 
INDEX 

(DIMENSIONLESS) 

1. 7185 * 

1. 3966 

1. 2768 

1. 2004 

1. 1542 

1. 1246 

1. 1014 

1. 0813 

1. 0635 

1. 0464 

1. 0312 

1.0191 

1.0106 

1. 0043 

1. 0003 

0. 9976 

0. 9949 

0. 9891 

0. 9768 

0. 9768

* - CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I. E. N -- > INFINITY

.w - vw"%Jv= - 'co..yy /.



INSERT 
VOLUME = 29.42 %

DATA NAME = DAT61. DAT 
INITIAL GAS PRESSURE = 93.

SAMPLING INTERVAL = 

GAS VALVE CLOSED

*** OVERALL N = 0.9812 ***

TIME 

(S) 

0.0 

4.5 

9.0 

13.5 

18. 0 

22.5 

27.0 

31.5 

36.0 

I 40.5 

45. 0 

49.5 

I 54.0 

58. 5 

63.0 

67.5 

72.0 

76.5 

i81.0 

85. 5 

89.5

TEMPERATURES 
GAS LIG/GAS LIG

581. 0 

580. 8 

579. 4 

578. 8 

577. 2 

576. 1 

575. 8 

574. 4 

574. 2 

573. 9 

572. 8 

572. 5 

571. 4 

571. 1 

570. 9 

570. 6 

569. 8 

568. 9 

569. 2 

568. 9 

568. 7

(R) 

607. 3 

611. 4 

610. 8 

610. 3 

610. 3 

610. 3 

610. 3 

610. 0 

609. 7 

610. 3 

609. 7 

609. 7 

609. 7 

614. 7 

600. 5 

578. 7 

575. 7 

576. 0 

581. 2 

586. 8 

594. 1

603. 6 

606. 1 

605. 5 

604. 7 

605. 2 

604. 1 

603. 3 

601. 9 

602. 2 

602. 5 

602. 5 

603. 3 

603. 3 

602. 2 

602. 8 

602. 5 

601. 7 

601. 1 

601. 4 

601. 9 

602. 5

PRESSURE 
ACTUAL PREDIC 

(PSIA)

93.97 

89.92 

84.75 

80.40 

76.05 

71.70 

67.65 

64. 42 

61.28 

58. 28 

55.35 

52. 88 

50. 85 

48. 45 

46. 42 

44.40 

42. 60 

41. 10 

39. 75 

38. 17 

36.83

94. 54 

89. 65 

84.88 

80.28 

75.91 

71. 80 

67.97 

64. 42 

61. 16 

58. 16 

55. 42 

52.89 

50. 57 

48. 42 

46.41 

44. 53 

42.76 

41. 10 

39. 53 

38.09 

36.93

FLOW 
RATE 
(GPM) 

0.00 

10.23 

11.64 

13.02 

14.46 

15. 51 

15.99 

16. 68 

17. 31 

17. 79 

18.27 

18.78 

19. 29 

19. 71 

20. 07 

20.43 

20.79 

21. 15 

21.48 

21.84 

22. 17

GAS VOLUME 
LM FM 

(CU-FT) 

2. 145 2.145 

2. 187 2.207 

2.313 2.317 

2. 424 2.439 

2. 550 2. 578 

2. 698 2. 728 

2. 852 2:886 

3. 001 3. 046 

3. 131 3.217 

3. 303 3.393 

3.465 3.574 

3. 651 3.759 

3. 833 3.950 

4. 019 4.146 

4. 195 4.345 

4. 391 4.548 

4.600 4.754 

4. 790 4. 964 

4.995 5.178 

5. 181 5. 395 

5. 371 5.591

POLYTROPIC 
INDEX 

(DIMENSIONLESS) 

1. 8578 

1. 3969 

1. 2720 

1. 1955 

1. 1445 

1. 1119 

1. 0942 

1. 0750 

1. 0595 

1. 0466 

1. 0352 

1. 0248 

1.0157 

1. 0081 

1. 0018 

0. 9969 

0. 9929 

0. 9894 

0. 9856 

0. 9812

- CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I. E. N -- > INFINITY

CASE 
INITI



INSERT 
VOLUME = 29. 12 %

DATA NAME = DAT62. DAT 
INITIAL GAS PRESSURE = 95.

SAMPLING INTERVAL = 
GAS VALVE CLOSED

*** OVERALL N = 0.9663 ***

TIME 

(S) 

I0.0 

*5.0 

10.0 

I 15.0 

20.0 

25.0 

p 30.0 

ij 35.0 

40.0 

45.0 

50.0 

55.0 

60.0 

65.0 

70.0 

75.0 

80.0 

85.0 

90.0 

90.0

TEMPERATURES 
GAS LIG/GAS LIG

575. 5 

575. 3 

574. 4 

573. 6 

572. 0 

571. 1 

570. 0 

568. 4 

567. 3 

567.0 

566. 5 

566. 2 

565. 6 

565. 6 

565. 4 

564. 8 

564. 8 

564. 5 

564. 5 

564. 5

613. 3 

577. 1 

563. 6 

604. 5 

604. 5 

604. 5 

604. 5 

•604. 5 

604. 5 

582. 5 

595. 4 

591. 9 

590. 1 

603. 7 

601. 6 

599. 2 

598. 4 

597. 3 

596. 8 

596. 8

605. 8 

602. 8 

599. 2 

598. 4 

598. 1 

598. 1 

598. 4 

597. 6 

597. 8 

598. 7 

598. 9 

598. 4 

598. 7 

597. 6 

595. 9 

595. 1 

595. 6 

597. 3 

597. 3 

597. 3

PRESSURE 
ACTUAL PREDIC 

(PSIA) 

95.40 96.15 

90.75 90.65 

85. 12 85. 12 

79.87 79.76 

74. 63 74.70 

69.75 70.00 

65.85 65.72 

62.03 61.86 

58.20 58.41 

55.50 55.32 

52. 50 52. 54 

49. 35 50. 03 

47.70 47.72 

45.30 45.56 

43. 50 '43. 53 

42.22 41.61 

39. 75 39.82 

38.32 36.21 

36.67 36.89 

36.67 36.89

FLOW 
RATE 
(GPM) 

-0.03 

11. 19 

12.78 

14.31 

15.75 

16.62 

17. 16 

17.76 

18.27 

18.78 

19.35 

19.89 

20. 34 

20.73 

21. 15 

21. 51 

21.67 

22.26 

22. 68 

22.68

GAS VOLUME 
LM FM 

(CU-FT)

2. 123 

2. 212 

2. 314 

2. 472 

2. 626 

2. 793 

.2. 970 

3. 137 

3. 326 

3. 519 

3. 719 

3. 923 

4. 137 

4. 356 

4. 593 

4. 807 

5. 031 

5. 291 

5. 533 

5. 533

2. 123 

2. 205 

2. 338 

2. 489 

2. 657 

2. 838 

3. 026 

3. 221 

3. 422 

3. 628 

3. 841 

4. 059 

4. 284 

4. 513 

4. 746 

4. 984 

5. 226 

5. 472 

5. 723 

5. 723

POLYTROPIC 
INDEX 

(DIMENSIONLESS) 

1. 5564 

1. 2612 

1. 1737 

1. 1259 

1.0940 

1.0736 

1. 0583 

1. 0446 

1. 0316 

1.0193 

1.0080 

0.9980 

0.9905 

0.9851 

0.9815 

0.9786 

0.9745 

0.9663 

0.9663

- CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I.E. N -- > INFINITY

CASE 31 
INITIAL



S6 CASE 
INITI

5. INSERT 
S VOLUME = 29. 12 %

DATA NAME = DAT63. DAT I 
INITIAL GAS PRESSURE = 91

SAMPLING INTERVAL = 
GAS VALVE CLOSED

*** OVERALL N = 0. 9666 **

TIME 

(S) 

0.0 

4. 5 

9.0 

13.5 

18.0 

22. 5 

27.0 

o~31.5 

36.0 

40.5 

45. 0 

49. 5 

54.0 

58. 5 

63. 0 

67. 5 

72.0 

76.5 

81.0 

85. 5 

87. 5

TEMPERATURES 
GAS LIG/GAS LIG

581. 3 

581. 0 

579. 9 

579. 4 

578. 0 

577. 5 

576. 1 

575. 0 

574. 4 

573. 9 

573. 1 

572. 8 

572. 0 

571. 4 

571. 1 

571. 4 

570. 9 

570. 6 

571. 1 

570. 3 

570. 0

(R) 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

6d4. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5

611. 6 

610. 2 

607. 4 

606. 9 

605. 5 

605. 5 

605. 2 

603. 3 

603. 0 

602. 8 

604. 1 

603. 6 

603. 6 

602. 8 

602. 5 

601. 7 

602. 5 

600. 0 

601. 1 

600. 3 

600. 3

PRESSURE 
ACTUAL PREDIC 

(PSIA) 

94.80 95.87

90.97 

85.65 

80. 55 

75.90 

72. 22 

67. 72 

64. 13 

60.45 

57.75 

55. 13 

52.72 

50. 48 

48.30 

46. 05 

44.32 

42.60 

41.03 

39.67 

38. 17 

36. 97

90. 65 

85. 54 

80.63 

75.99 

71.67 

67. 71 

64.09 

60.80 

57.83 

55. 14 

52.68 

50. 41 

48. 31 

46. 33 

44. 45 

42. 66 

40.98 

39. 43 

38. 06 

37. 53

FLOW 
RATE 
(GPM) 

0.00 

11. 04 

12.48 

13. 92 

15. 24 

16. 35 

16. 92 

17. 37 

17. 91 

18. 33 

18. 78 

19. 29 

19. 77 

20. 22 

20. 55 

20. 94 

21. 36 

21. 69 

22. 02 

22. 35 

22. 50

GAS VOLUME 
LM FM 

(CU-FT) 

2. 123 2.123 

2. 188 2.195 

2. 300 2.313 

2. 426 2.446 

2. 566 2. 592 

2. 692 2.751 

.2.878 2.917 

3. 037 3. 089 

3. 204 3. 266 

3. 367 3. 448 

3. 540 3.634 

3. 712 3.825 

3.899 4.020 

4.113 4.221 

4. 276 4.425 

4. 481 4.633 

4. 691 4.845 

4. 882 5.061 

5. 078 5.280 

5.311 5.502 

5. 371 5.602

POLYTROPIC 
INDEX 

(DIMENSIONLESS) 

1. 6772 * 

1. 3291 

1. 2237 

1. 1646 

1. 1230 

1. 0945 

1. 0737 

1. 0571 

1. 0424 

1. 0294 

1. 0174 

1. 0067 

0. 9975 

0. 9903 

0. 9850 

0. 9812 

0. 9784 

0. 9753 

0. 9702 

0. 9666

- CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I. E. N -- > INFINITY

PSIA



.i~.kL4~ i

CASE OVAW . INSERT 
INITIAL GAS VOLUME =25.00 %

DATA NAME = DAT67. DAT 
INITIAL GAS PRESSURE = 94. 05 PSIA

SAMPLING INTERVAL = 
GAS VALVE CLOSED

**OVERALL N = 1. 0162 *

TIME 

(S) 

*0.0 

4.0 

8.0 

*12.0 

16.0 

20.0 

* g 24.0 

28.0 

32. 0 

* 36.0 

40.0 

44. 0 

* 48.0 

52. 0 

56.0 

0 60.0 

64. 0 

68. 0 

72.0 

75. 5

TEMPERATURES 
GAS LIG/GAS LIG

585. 5 

585. 5 

584. 9 

584. 1 

583. 0 

581. 0 

580. 5 

579. 9 

579. 4 

578. 6 

578. 0 

577. 7 

576. 9 

576. 6 

576. 4 

575. 3 

575. 0 

574. 7 

574. 4 

574. 2

(R) 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5

610. 2 

606. 3 

606. 1 

606. 6 

606. 6 

605. 5 

606. 3 

606. 9 

607. 2 

607. 2 

607. 2 

607. 2 

607. 4 

607. 2 

606. 9 

607. 4 

606. 6 

607. 2 

607. 4 

607. 2

PRESSURE 
ACTUAL PREDIC 

(PSIA) 

94.05 95.00

89. 62 

84. 52 

79. 50 

74. 92 

70. 65 

66. 67 

63.08 

59. 92 

56. 77 

54. 00 

51.45 

49. 13 

46.95 

44.92 

43.20 

41.40 

39.75 

38.25 

36.97

89.66 

84.47 

79. 52 

74.87 

70.'57 

66. 62 

63.03 

59.78 

56. 81 

54. 11 

51. 63 

49.32 

47. 15 

45. 10 

43. 17 

41.36 

39.70 

38.27 

37.27

FLOW 
RATE 
(GPM) 

0.00 

10. 02 

10. 95 

12. 57 

13. 95 

15. 12 

15. 75 

16. 26 

16. 59 

17. 10 

17. 52 

17. 94 

18. 39 

18. 81 

19. 26 

19. 56 

19. 89 

20. 22 

20. 46 

20. 79

GAS VOLUME 

LM FM 
(CU-FT) 

1.823 1.823 

1.813 1.874 

1.925 1.966 

2.004 2.072 

2. 102 2. 190 

2. 228 2. 319 

2. 349 2. 457 

2. 447 2. 600 

2. 605 2. 746 

2. 810 2. 896 

2. 917 3. 051 

3. 043 3. 209 

3. 206 3. 371 

3. 355 3. 537 

3. 565 3. 707 

3. 644 3. 880 

3.854 "4.055 

3.984 4.234 

4. 212 4.416 

4. 357 4. 576

POLYTROPIC 
INDEX 

(DIMENSIONLESS)

2. 0618 

1. 5508 

1. 3891 

1. 2978 

1. 2336 

1. 1873 

1. 1546 

1. 1299 

1. 1099 

1. 0925 

1. 0780 

1. 0661 

1. 0566 

1. 0494 

1. 0441 

1. 0398 

1. 0350 

1. 0274 

1. 0162

- CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MARE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I.E. N --> INFINITY



CASE 3 .S. INSERT 
INITIAL GAS VOLUME = 18.74 % 

*** OVERALL N = 1. 0192 ***

DATA NAME = DAT68. DAT 
INITIAL GAS PRESSURE = 94.42 PSIA

SAMPLING INTERVAL = 
GAS VALVE CLOSED

TEMPERATURES 
GAS LIQ/GAS LIG

TIME 

(S) 

0.0 

3.0 

6.0 

9.0 

12.0 

15.0 

18.0 

21.0 

24.0 

27.0 

30.0 

33.0 

36.0 

39.0 

42.0 

45.0 

48.0 

51.0 

54.0 

57.0 

60.0 

60. 5

583. 8 

583. 8 

583. 3 

582. 4 

581. 0 

579. 9 

579. 4 

578. 8 

578. 3 

576. 9 

576. 6 

575. 8 

575. 8 

574. 7 

574. 4 

574.2 

574. 2 

573. 6 

573. 9 

573. 6 

573. 3 

573. 3

(R) 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604. 5 

604.-5 

604. 5

PRESSURE 
ACTUAL PREDIC 

(PSIA)

612. 4 

608. 0 

606. 1 

606. 6 

606. 6 

606. 9 

607. 7 

607. 4 

607. 2 

607. 4 

605. 8 

604. 4 

605. 8 

605. 5 

604. 7 

605. 8 

606. 1 

605. 2 

605. 2 

606. 6 

606. 3 

606. 1

94. 42 

91. 80 

86.03 

81. 15 

76.20 

72. 45 

68.47 

65. 47 

61.20 

58. 88 

56. 17 

53. 48 

51.22 

48. 75 

46.95 

44. 85 

43. 20 

41. 63 

39. 90 

38.63 

37. 13 

36. 97

96. 11 

91.01 

86. 02 

81. 23 

76.70 

72. 47 

68. 57 

64. 99 

61.72 

58.74 

56. 01 

53. 50 

51. 18 

49. 01 

46.96 

45. 01 

43. 17 

41. 44 

39. 86 

38.47 

37.37 

37.23

FLOW 
RATE 
(GPM) 

0.00 

8.37 

10. 89 

11. 73 

12. 66 

13. 50 

14. 37 

15. 18 

15.72 

16. 11 

16. 41 

16. 68 

17. 01 

17. 37 

17. 67 

18. 00 

18. 33 

18. 66 

18. 90 

19. 23 

19. 53 

19. 56

POLYTROPIC 
INDEX 

(DIMENSIONLESS)

GAS VOLUME 
LM FM 

(CU-FT) 

1.367 1.367 

1.348 1.419 

1.497 1.487 

1. 5q4 1.562 

1. 586 1.644 

1.646 1.731 

1.800 1.825 

1.837 1.924 

1.977 2.027 

2. 080 2. 133 

2. 103 2. 242 

2.215 2.353 

2. 364 2. 465 

2. 471 2. 580 

2. 569 2. 698 

2. 639 2. 817 

2. 854 2. 938 

2. 858 3.062 

3. 049 3. 187 

3.203 3.315 

3. 306 3. 444 

3. 334 3. 466

1. 4549 

1. 3185 

1. 2576 

1. 2217 

1. 1932 

1. 1681 

1. 1445 

1. 1234 

1. 1057 

1. 0907 

1. 0783 

1. 0680 

1. 0597 

1. 0534 

1. 0490 

1. 0457 

1. 0430 

1. 0394 

1. 0333 

1. 0218 

1.0192



..A~iE 3: S. S. INSERT 
*INITIAL GAS YOLL'M F~ - IINTTI-L'A PRl~rSUREc = 74

SAMPLING INTERVAL = 
GAS VALVE CLOSED

N = 1. 0344 ***

. TIME TEMPERATURES PRESSURE FLOW 
GAS LIG/GAS LIG ACTUAL PREDIC RATE 

(S) (R) (PSIA) (GPM) 

0. 0 585. 2 613. 9 600. 0 74. 40 75. 00 0. 00 0 
3.5 585. 2 612.8 597. 6 72.22 72.33 9.51 

S. 7.0 584..6 612. 8 597. 0 69.67 69.54 11.13 

10.5 ' - 584.-4 613. 1 596.7 66.60 66.73 12.33 

__'14. 0. 583.3 612.8 597.0 63.90 63.98 13.47 

* 17. 5 583.0 612.8 599.2 61.50 61 .35 14.52 

_210. 5624 _''6128 B 600.6 58.65 58.86 15.42 

24. 5 .581. 9 612. 5 601.7 56.63 56.53 16.11 

2. : 8 '. .581.0 911.9 600. 8 54.38 54.36 16.50 
.. ....... .

_-31 .t5-. 580 .5-:_1. 602.2. 52:05 52.34, 16.8 

35. 0- 580.2 611. 7 602. 5 50.63 50.47 . 17.25 

38.5 579.7 610.8 603.0 48.60 48.71 17.49 

42.0 579.1 610.0 602. 5 47.10 47.04 17.97 

_45. 5 578. 6 610.6 604.4 45.37 45.45 18.33 

49.0 578. 3 610. 6 604. 4 43. 50 43.93 18. 72 

52. 5 578. 3 604. '5 603. 9 42. 60 42.45 19. 14 

56.0 "577.7 602.4 603.9 40.95 41.04 19.44 

59. 5 577.7 599.7 604.4 39.83 39.71 19.80 

63.0. 577.2 598.4 604. 7 38.47 38.49 20.07 

65. 576..6.. 597.0 604.,7 . .37. 50 37.45,-,'. .20..40.  

" 68.0 576.6 "596. 5 605.0 36.90 37.08 20.49 

. - CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
S APPROXIMATELY OF CONSTANT VOLUME, I.E. N -->'INFINITY

GAS VOLUME 
LM FM 

(CU-FT) 

2. 132 2. 500 

2. 183 2. 534 

2.271 2.615 

2. 373 2. 706 

2. 452 2. 807 

2. 596 2. 916 

2. 819 ....3. 156 

'2.912 3.284 

3.056 3 .414 

..3. 177 . 3. 547 

3. 321- 3. 682 

3. 409 3. 820 

3.613 3.962 

3. 725 4. 106 

3. 855 4. 254 

4. 013: 4. 404.  

4. 147 4. 558 

4.310 4.713 

4. 454 . 4.871 

4. 556 4. 939

POLYTROP IC 
INDEX 

(DIMENSIONLESS)

2.7095 * 

1. 6814 * 

1. 4739 * 

1. 3720 

1. 3052 

12535 

.... 1.2130 

1. 1807 

1. 1548 

1. 1330 

1. 1153 

1. 1000 

1. 0878 

1. 0781 

1.0706 

1. 0647, 

1. 0590 

1.0520 

1.0411 

1. 0344

-~ - -. - 'f7

*** .0

S 
-- I 

0 

'7~** 

0 

S 

0 

0

0 

0

.0 

0 

-e

I



CASE 31. S. INSERT NZ.o 
INITI* VOLUME = 

*. *** OVERALL N = 1.0097 **

DA , 14AME = DA1. L)ar 
INITIAL GAS FIRE5GLRiE =LB4

cAPLN 7Ir.....L
AAMPLING INTERVAL = 
GAS VALVE CLOSED

*' TIME 

" (S) 

0.0 

18.0 

16..0 -12 .

24.0 

28. 0 
32:0 

I 36.0 

I 40.0 

" 44.0 

48. 0 

52.0 
52. 0 

~~ 60 

60.0 

64. 0 

* 68.0 

72.0 

.76. 0 

* 79.5

TEMPERATURES 
GAS LIG/GAS LIG

572. 8 

572. 5 .....  

572. 2 

571. 7 

570. 9 

570. 0

569. 5~ 

568. 9 

568. 1<! 

567. 6; 

567. 6 

566. 7 

566. 2 

566. 2 

566. 2 

565.9 

565. 1 

565. 6 

565. 6 

,565. 1 

565. 1

608. 9 

607. 5 

607. 5 

607. 5 

607. 5 

607. 3 

607. 0 

607.-0 

606. 4 

605. 9 

605. 6 

604. 5 

604. 8 

603. 7 

597. 6 

594. 6 

592. 5 

590. 9 

590. 1 

5139. 3 

589. 3

PRESSURE 
ACTUAL PREDIC 

(PSIA)

607. 7 84.82 

605.8 81.90 

605.8 77.85 

605. 2 74.55 

604.7 70.05 

604.4 .66. 90 

604. 7 6.4 

602. 8 - 60. 83 

602. 2 58. 05 

600.3 ..55.80 

600. 6 53. 40 

599. 7 51.38 

600. 3 49.35 

599. 5 47.03 

599. 5 46.28 

600.0 43.88 

000. 6 42. 67 

600. 0 40. 88 

599. 5 39. 67 

600. 0 .. . 38. 17 

599. 7 36.97

85.64 

81.74 

77.81 

73.97 

70.31 

66.87 

63. 68 

60.75 

58.08 

55.63 

53.39 

51.31 

49.37 

47. 53 

45.76 

44.06 

42.42 

40. 86 

39.41 

38.16 

37.29

FLOW 
RATE 
(GPM) 

0.00 

10.35 

1 1. 67 

12. 93 

14. 16 

15.30 

16. 14 

16. 56 

16. 92 

17. 43 

17. 82 

18. 24 

18.72 

19. 17 

19. 59 

19.95 

20. 25 

20. 58 

20. 91 

21.21 

21. 45

GAS VOLUME 
LM FM 

(CU-FT) 

1. 980 2.348 

.2. 074- -..2. 400 

2. 167 2. 499 

2.283 2.609 

2.404 .2..730.  

.2. 52P 2. 861 

*2.651 3. 001 

2. 790 3. 147 

2.925 ,3.296 

3.084 3. 449 

3. 237 3. 607 

3.386 3.767: 

3. 540 3. 932 

3. 712 4. 101 

3.880 4.274 

4. 061 4. 450 

4. 238 4.629 

4.415 4.811 

4. 582 4.996 

...4. 7 9 3 5. 184 

4. 913 5. 350""

POLYTROPIC 
INDEX 

(DIMENSIONLESS)

---. 2. 1290 

1. 5407 

1. 3910 

...1. 3102 

1.2527 

120713 

1. 1726 

1 . 1453 

1. 1011 

1. 0833 

1. 0682 

1. 0559 

1. 0464 

1. 0396 

1. 0351 

1.0318 

1. 0278 

.. .1.0209 

1. 0097

a 

I 

q 

I 

I 

I 

I 

- ICHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 

APPROXIMATELY OF CONSTANT VOLUME, I.E. N --> INFINITY

-- 7 . . .. ..... . ........ -



INSERT 
VOLUME = 28. 59 .

DATA NAME = DAT9O. DAT 
INITIAL GAS PRESSURE - 9t

SAMPLING INTERVAL 
GAS VALVE CLOSED

*** OVERALL N = 0. 9450 *

-. TIME 

(S) 

5.10 

100 

.....'.- - 20:0 .  

15.0 

H 30.0 

:"- 35.-0.  

40.0 

45.0 

-. 50. 0.  

55.0 

60.0 

---- 65.0 

70..0 

75.0 

80. 0.  

85.0 

90.0 

" - 91. 5:

TEMPERATURES 
GAS LIQ/GAS LI 

(R). '

569. 5 

568. 7 

567. 8 

567. 0 

- 565.6 

565. 1 

564. 3 

563. 7 

563. 2 

562. 9 

• 562. 1 

561.8 

561. 5 

560. 4 

560. 1 

559. 9 

559.6 

559. 3 

559. 0 

" 559.3

56'-?. 3 

56&. 3 

569. 3 

5&7. 3 

569. 3 

5&7. 3 
5w?. 3 

569. 3 

569.3 

569. 3 

569. 3 

569. 3 

569. 3 

569. 3 

569. 3 

569.3 

569. 3 

569. 3 

569. 3

5;5. 5 

D6!.5. 5 

5:'5. 5 

* 55,5. 5 

•,,, 5,b 5. S: ; , 

.5,5. 5 

5,:3'.. 5 

5 , .1.15. 5" 

...:,5i :. ' S ..  

S5o5!. 5

569. 3 5 :5. 5 -.

,PRESSURE 
ACTUAL PREDIC 

(PSIA) 

95.32 -96.44 

90. 90 90. 61 

85.27 85.06 

79.95 79.86 

75..22- "75. 03 

70. 50 70. 59 

66.45 66.54 

62.78 -,, 62. 85

59. 47 

56. 17 

* 53.78 

51.22 

49. 35 

- 46.50 

44.40 

42. 67 

40.88 

39. 67 

37. 50 

36.67

..59. 51 

'56.47 

-- 53.70 

51. 16 

48.80 

-46.60 

44. 53 

42. 59 

-- 40.76 

39. OB 

37.60 

.- 37.20

FLOW -.-.. .- --- GAS VOLUME---
RATE 
(GPM) 

0.00 

10.95 

12. 48 

13.98 

15. 45..  

16. 35 

16. 92 

17.43 

18.00 

18. 51 

19.08 ..-

19. 62 

20.07 

.. .. 20.49 - ....  

20.85 

21.21 

21.60- .  

21.99 

22. 35

LM FM 
(CU-FT) 

2. 084 2. 084

2. 172 

2. 296 

2. 448 

-2. 609

2. 779 

'2. 950 

3. 097 

3. 304 

3. 502 

3. 705 

3. 912 

4. 133

.2.174 

2. 304 

2. 452 

. -616

2. 794 

2.980 

.-. B171 

3. 369 

3. 572 

......3. 781 

3. 997 

4. 218

4. 400 - 4; 444 

4. 616 4. 674 

4.814 4.90B 

5.- 049 5.-147 

5. 284 5. 390 

5. 528 5. 637

-22;'445---. 5..606.. . -712

POLYTROPIC 
INDEX 

(DI MENS IONLESS)

1.4866 * 

1.2526 

1,1619 

.- 1. 1049 

1. 0645 

1.0387 

1. 0204 

1,0057 

0.9936 

. 0.9030

0. 9738 

S0.9663 

0.9607 

0. 9568 

0. 9543 

0.9526 

0. 9506 

0. 9468 

0.--O.9450 .

* - CHANGES IN THE GAS VOLIAIE ARE SMALL ENOUGH TO MAKE THE PROCESS 
-- APPROXIMATELY OF CONSTANT VOLUME, I. E."-N -- > INFINITY

CASE 
INITIo

7 7:



INSERT 
VOLUME - 28 82 %

DATA NAME = DAT91. DAT 
INITIAL GAS PRESSURE -

SAMPLING INTERVAL = 

GAS VALVE CLOSED

*** OVERALL N = 0.9795 **

TIME 

(S) 

0.0 

2. 5 

5.0 

7.5 

I, 

-7 10 0 

I .27. 5 

15.0 

o 17.5 

20.0 

22.5 

- 25.0 

27.5 

30.0 

32.5

35. 0 

37.5 

40. 0 

42.5 

45.0 

47. 5 

500 

52.5 

"53. 5

TEMPERATURE3 :
GAS LIG/GAS LIG

554. 0 

l554. 0 

553. 5 

552. 6 

551. 5; 

549. 8 

548. 7 

548. 7 

547. 6 

547. 0 

546. 8 

546. 5 

546. 2 

545. 9 

545. 9 

545. 1 

544. 8" 

544. 8 

544. 8 

544. 5 

543. 9 

543. 9 

543. 7

569. 0 566. 7 

569. 0 566. 9 

569. 0 51)5. 8 

568. 7 5,55. 3 

568.,7 .65. 0 

568. 7 5 4. 7 

568.7 '5b4. 7 

56B.* 2 .554-7 

5&8. 2 L 5. 0 

5-7. 9 565.0 

567..0 -4.- 7 

567. 6 565. 0 

564. 8 564. 7 

562. 5 565.0 

559. 9 565. 0 

558. 4 '565. 0 

.556.7 565 0..  

555. 5 :63. 9 

554. 7 564. 2 

554. 7--- 564.-- 4 

554. 4 . . 7 

554. 1 564. 2 

554. 1 564. 4

I PRESSURE 
ACTUAL PREDIC 

(PSIA)

95. 10 

91.88 

86. 17 

80. 92 

-76.42 

72. 67 

68.47 

65. 03,- t 

61.80 

58. 20 

.55. 95 

53. 55 

51.38 

49. 28 

47. 47 

45.83 

44. 25 

42. 67 

41.25 

--39.97

96.48 

91.22 

86. 11 

81.23 

76. 63 

72. 36 

68. 43 

64.84 

61.59 

58.65 

56. 00 

53. 61 

51.42 

49.42 

47. 57 

45.83 

44. 19 

42. 63 

41.15 

-39.78

38.70 I 38.53 

37. 50 -.37.47 

36.90 37.11

-FLOW : 
RATE 
(GPM) 

0.06 

15. 12 

22. 14 

23.61 

25. 05 

26. 40 

27.72 

28. 95 : -, 

30.03 

30.63 

31.08---

31.50 

31.92 

32.28 

32.64 

32.88 

33.33 

33.63 

33.87 

34.11.  

34.29 

34.44 

34.47

. GAS VOLUME 
LM FM 

(CU-FT)

2. 101 

2. 212 

2. 346 

2. 465 

.2.585 

2. 723 

2. 866 

-3. 013 

3. 161 

3. 303 

3. 465 

3. 630 

3. 819 

. 3. 985 

4. 160 

4. 344 

4.524...  

4. 666 

4. 865 

5.-049--: 

5.228 

5. 417 

5. 491

2. 101 

2. 142 .  

2. 253 

2. 301 

2. 517 

.660 

2.811 

2. 968

3. 133 

3. 302 

3. 474.  

3. 648 

3. 825 

-4. 004 

4. 184 

4. 367 

-4. 551 

4. 738 

4. 926 

5. 115...  

5. 306 

5. 497 

5. 574

POLYTROPIC 
INDEX 

(DIMENSIONLESS) 

2. 14 * 

1. 6315

1. 3785 

2.1.2212, 

.1. 1816 

1. 15061 

1. 1242 

1. 1015 

1.0823 

1. 0656 

1. 0508 

1.0379

.1. 0268 

1.0177 

1.0104--

* " 1. 0047 

1. 0002 

0.9961

0.9911 

0. 9836 

0. 9795

CASE 
INITI



INSERT 
POLUME - 29. 44 %

DATA NAME - DAT93. DAT 
INITIAL GAS PRESSURE = 95.

SAMPLING INTERVAL 

GAS VALVE ttED OfFN

*** OVERALL N = . 3395 **

TIME 

(S) 

0.0 

-4. 5 

9.0 

-, 180 

22.5 

27.0 

31. 5, 

36. 0 

40.5 

'45.0 

49.5 

54.0 

-'-* 58. 5 

63.0 

67. 5 

72.0-

76.5 

81.0 

89.5

TEMPERATURES 
GAS LIG/GAS L:

570. 9 

570. 6 

569. 5 

568. 7 

568. 1 

568. 4 

567. 6 

567. 3 

566. 7 

566. 7 

566. 5 

566: 2 

5.66. 5 

567.-3 

567. 3 

566. 7 

566. 2 

565. 1 

564. 5 

562. 9 

562. 6

601.9 602. 8.  

601.9 602. 8 

601. 9 602. 8 

601.9 602.8 

601. 9--60281'.  

601.9 602.8 

601.9 602. 8 

601. 9-'-'-62... " 

601. 9 602.1 8 

601.9 602. 8 

601.9-• 602. 8' 

601.9 6C2. 8 

601. 9 602. 8 

601. 9 6C2. 8 

601. 9 6C:2. 8 

601. 9 6 02. 8 

601. 9 60,2. 8 

601.9 602.8 

601. 9 602. 8 

601.9'- .602.8

601. 9 l . 60 . 8 l

• PRESSURE " 
ACTUAL PREDIC 

(PSIA) 

95.32 95.83

91.72 .. 91.84 

89.65 88.57 

85.80 85.89 

63. 62--. 83.67 ........  

81.90 _81. 8 1 

80.02 80.23 

79.13-- 78. E8 .  

77.85 77.69 

76.72 76.64 

76. 05 --75. 70 

75.00 74.84 

74.17 74.06 

73. 80 - 73. 33 

73.20 72.66 

72.30 72.03 

72. 07 71.42 

71.02 70.82 

70.28 70.21 

69. 53 - 69." 54

69.07 68.87

FLOW - - GAS VOLUME
RATE 
(GPM) 

0.00 

10. 68 . . .  

12. 12 

13. 56 

14 88 -

15.99 

16.50 

17.01 

17. 52 

18. 03 

18.48-- ...  

19. 05 

19. 59 

19. 98 . .  

20.34 

20.76 

21. 12--

21.51 

21. 87 

22. 23 

22. 53

LM FM 
(CU-FT) 

2. 146 2. 146 

-2.1193 2. 223 

2. 332 2. 338 

2. 472 2. 466 

2'611.-- 2. 609..  

2. 741 2. 764 

.2. 890 2. 927.  

3. 062 3. 095 

3. 234 3. 269 

3.415 3.447 

3.555 -~3.630 

3.722 3.819 

3.936 4.012 

-4.136 - 4.'211 

4. 322 4.413 

4. 517 4. 619 

..4. 726-----. 4. 829 

4.935 5.042 

5. 139 5. 260 

l5. 363 . 5. 461 

5. 558 5. 680

* - CHANGES IN THE GAS VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS 
APPROXIMATELY OF CONSTANT VOLUME, I.E. N -- > INFINITY

CASE 3: 
INITIAL

POLYTROP IC 
INDEX 

(DI MENS IONLESS) 

1.2139 

0. 9230 

0. 7684 

0. 6958 

0.6254 

0. 5726 

0. 5318 

0. 4989 

0' " .. 47116 l 

0. 4487 

0. 4291 

0.4121 

0.3971 

0. 3841 

0. 3726 

0. 3626 .  

0. 3540 

0. 3471 

- -0.3420 

0. 3395

'c 
~1



bJe VINbERT DAIA NAME = DT300.DAT= SAMPLING INTERVAL =
INIT A I VOLUME 30.43 . INITIAL GAS PRESSURE 94.0 A GAS VALVE CLOSED 

0 ** OVERALL N = 0. 9265 * 

T G O 

TIME TEMPERATURES PRESSURE .- FLOW GAS VOLUME....... POLYTROPIC -.....  
GAS LIQ/GAS LIG ACTUAL PREDIC RATE LM FM INDEX 

(S)' (R) (PSIA) (GPM) (CU-FT) (DIMENSIONLESS) . . - " 

0.0 584.9 606.4 603.9 94.27 94.43 0.00 2.219 2.159 
- :.:'-B .0 - 585.:5.:.- 609.7"-_.'.: 606 ;. 9 . 1 -8-.25...89.20. .11.19 - 2.373 -- 2.254 -. 1 3 .  

100 609.5 5 606.3 84.07 84.06 12.75 2.470 2.387 .11577" 

10 588672 79. 35' 79.13 14.28. 2.610~ 2.538 1. 0938'..  

20 - -"582 -4-- 609.- 7_.--:607.:.7 . -74. 32ki 74.48 , .15. 72-... - _L0532-2-.772 2.705,, . . -.--O2. .  

25 .- 581. 3 6095 1-608.0 70.05 70.15 16. 47. 3:019, 2.884 1 0261. .:.  

u ~30, "0,t 579_7 089 652 66' -1 66. 16 . ! Jb 99 3. 177-~ 3. 717" i'1 07~V . . . . .  

• ,.......35. 0 : ... . 4- 608 9--605'.8 ::- 62-:40 - 52- 17 - . 3.288 ..3... 263.-.... 0 9983 j.....-.- -.  

3..507:1 0 
,, c.0.. , 570.:.. .8.8- ..6: 08.9.:.,606... 59.,r,,, .25.,. 59.22..:.><:::18.09 .._:..... 3,507- :, .. ,3462 . :..-..... 0.9884: :. :,. .- :;.::..:v, .-. '.. .. :.' 

-45. 0"' 58 0. 0. 56.32"' 56.22 18376 3.6, 093, 
60.9"6.3'8 3- . 11 3.*6 - 0 97 3' 

- 50. -.577- 5%. - 60.:4,: 605;. 5363- 53. 51 ---- 19. 14'-..---- 3.-818-- 3.-B77 " .'" 0.19"705 

55.0 ,576.9 604.8 606.3 50.92 51.03 19.74 .. 4. 209 ., 4.093 0. 9621 . . .  r
Z -..  

. --- .....:- ...... '. .. L : :.. .... Z 'i.Z . .. ...- . . .. . . . . . .. . ..... ... . . ., .;'; ":'.. : 

60- 0 5764 600. 2 606.3 49 20 48. 76 20. 13 4.353 4.315 "'0. 9545 

650 76. 59.3-606.6 473 4.6 20. 58-- - 4. 604 - 4. 541 -0. 9481. ..- ... ---.  

70.0 575. 8 597.0 606.3 44.55..i• 44.69 20.94 4.823 4.773 0. 9430: . ," 

75 0 " 575. 3' 596. 5 .6 . 4 Z 76, 4 2.'84 "-..'2.5. 074. 5.008 -9.93 

80: 0 -5753 595. ;1-- -- 606&.6 - 41.10 41.-10 21.-69--- 5.269 ,-,5.248- 9365-- ." -" 

., 7 850 575. 0 594. 9 606. 1 39. 75 ;', 39.48 22.08. 5.483 5.492 09341 .' 

5747. 594 6 6055 3470 380 22.50. 5i..701: 7%40 -:0 9309;,:7 ,' 

. 00 574. 2 5935L -60.3 --- 36.75 .38 96 " 22.50---,.5. 701- 5.&-40-:--- 09 265-------.., ..  " , . .. . . .. :.. .. : ""),. ., 

I ,7--HANGE INHGAS" VOLUME ARE SMALL ENOUGH TO MAKE THE PROCESS : ,. ........ .... ,- . . .
.,'- --- APPRDXlMATEL-:OF ---CONSTANT.-VOLUEE,.,NN-> IINITY.............. E.. INF-NITY.  

:_ : ._ -... ." ... -.=. . .. : . .. .-. -... . . . .-.



CASE,* . INSERT DATA NAME = DT301. DAT SAMPLING INTERVAL 

0INITI VOLUME = 25.28 % INITIAL GAS PRESSVRE =93W3IA GAS VALVE CLOSEDW 

S *** OVERALL N = 0. 9425 *** 

-. TEMPERATURES PRESSURE .FLOW- -. - . ---GAS-VOLUME..- .. . POLYTROPIC .... ... .. . . .....  

GAS LIQ/GAS Li ACTUAL PREDIC. RATE LM FM INDEX 

(6)S (R) (PSIA) -0PM) (CU-FT) (DIMENSIONLESS) . ..

00 586.6 604.5 606.1 93.60 94.67 -0.03 1.844 1.839 

5 6n -.- - - -----

- ' -, . .- ;.5-. :+ 586-3 -.-•603.-.5 . ,--+ . .-1 --: 'iu:.-9 ,67-,,- 89.,77- . ..... -10..-77.._ ,.-+2.-,-l-.--1.9,.,--:...3310 .. , ..•-..2....: " 

5 0 58 8 603.2.62. 84.67 B4.62 ,12.15 .2. 06 143 A 

13.5 583.8 603.2" 603.3 79.35 79.50 13.56 .2. 146 2.158 1. 0917 

-. 5835-- 65:--605.2-: -74 40.4;1 -327'--301--.--, .-1.-0651

27-0,& 6 606 - 7045 69.96 - 15.99 :2. 593 2 6. 1 031......  

• , ,++..360 ;,, 5:+ 579'.7 , -6051 . +.'606 1: -. se, s.5 ..5 _Sa . 3 . ' + 1755 ++ ,++" ' 2 965 .+ _+ , -,..'-:. -:+:++:, 0090.O.. •--•  . +.--,. .•.+., ..,..M-- ..:.<.. , 33.. ...o, +, 

+ 405 ,!: 5788 .+ : 603 .. 025 5 50 555 7-'- +-18001 3100- 3 140:U-:-,-3; 09:+-+ 9875 6 :-+:+:: -;;- ... .. :* ...  

.L71 

I . .. -- 45:+e .--.- 577.'2--:--602 .9-- 602.2 --' 52 9- 52.78. . .. . ....8 51 : .... .. ..3. ... .... .. . •23--.. -0 9875. ,--.. -.. . <, ,

'•- "49 .5- 576 6 601. 6 ' 02.5 "J 49.65 :50.32 18. 9 3.449 .3. 511 .. ; O.77. ... o - .- > . •A-; -',4 

7W--65.-4'

: : :"540 " ' :576.9 601.6 602.2 47.85 48 05 "19. 50 " 3.714 3. 704 - ":0. 9686 " , : : ,+,C 

5579 

L.......58. 5.':'".:. 576. 4 " 601.'0" 603. 3 "." 45.83~ =+45. 92 19.89 - 3. 891 -- 3. 902 ... .- -...- 0. 9619-------------. - - - - --............. ..... ' 
W' - 3- f4o . 991m 

• ;.i63.0 0•.,:; 576. 1 . 601. 3 603. 0 43. 95 43.89 '20.25 . 3. 979 4. 103 0 +. .9577 -. . 4 "," ..  

'46..... 7.:-: 60 602., 56.-80 ' 50 .  
577. 2- 52 -4:3 323 =-3;.i4 w-7,9 7 

+i [ ,-:+ :6. ':' 575.8 758.1•+6 603+o .0 42;•m .0 41 : . 97 20 i " .64 .+-?? 4.309. 4.309+++ ~i:+: •,;0. 9556 *1 : + •.+ .+!: :,: ..: ,+ ++:! , 
-:," ;-+! 72 0- :;,+ :-575 3 ' 596. 5--- "602. 8~ 37:0 7. : • 17-';: 484-.,.-4 !+_:. 0.939.83 . 

40.16 "" -20.97" ", + 4.440--- 44517--------,-.-,-0. 9543+ ,++ , :.  

- 5 '. 60 2 - -- -7 . .. . . - - - - - - - - - - - -.. - • r ---. ...... ++ - -. . .  

816547 59.96 '602.8 5 37.2 65:32 .2 3. .844 3-.95' 0.943 -

57. 604 0 60. 45 83 , -5 92 198 .9-. 902- 0.61 

- 81,.5 ... 575. 0...594. 603.0 4- -- 36.97 -37.90 21.75--...4. 84020..6.4.970-0 9425 

S .: .., -'. -- 9 
.~~~0 95 -".  

-. * :;, :7 .:CHANGES-IN THE, GAS VOLUME ARE. SMALL-EN C H TO MAKdE THE.PROCE+S .-:'•." •:.J:i +-.-T• • , :" ' +:. .:' ,. -. .. ., ," >L, 

APPROXIMATELY OF C 6ST . 2 9 .I. .. ..- 16 I TY------"- -- '--,.-.-- ... 2." i4.4-. . .. 517- 

7& 73 0. 9 51 - -- 

217 4. 93



CASE 3 . INSERT DATA NAME = DT302. DAT bAhlLlrv *Lo VrL r-_@ 

INITI VOLUME = 24.76 % INITIAL GAS PRESSURE 74& IA GAS VALVE CLOSED 

--*" *** OVERALL N = 0. 9352 * 

" TIME--. .... . TEMPERATURES . . .PRESSURE.. FLOW . GAS. VOLUME POLYTROPIC .  

GAS LIQ/GAS LIG ACTUAL PREDIC RATE LM FM INDEX 
to(R) (PSIA) (GPM) (CU-FT) (DIMENSIONLESS).  

00 5838 6.2 612.2 74.78 75. 14 -0.03 1.805 2.114 

..............................................................................................................39 .
. " . -3 5 - ... .... . .- . .13 .- 72. 72.72 .. .,......  

S 7.0 5827 609.2 >612.2 69.90 69.99 11.43.. 2.425 2.244 1.1937 

I.. 1.5 581.9 6712.2 67.13 67.13 12.45 2.383, 2.337 1. 1268 

A5841-9.- - l 8 6,- 08 :4- 6124 64 20 - 64.25- 13.53 - - 2.439 --.. 8 . . . .- 1 9-. • *..: -... ..  

... ... .. ,... . ... 5799 ... 6073 ...612 2 -- 5972. -., a8 79 -15 60. . 2 7. 3 2.. ... . . .... ... 058 . . ... .. ,., 

---.. 24al "a .. 4 5.... 17.0 5 6.3 - 16:4 . 1.2 09. 2.79 :--..<1.40 -:

• , - .. ... ..- . . .. .'- . .. .-. ' , . , • , a.,i "28 ... •, 577 2 - 03. 5 611 0 . 5 • 48 u0 • 4.0 1877 -, 3.31 . .37 . .: . -.. -i.,. {! .:; 

6. 578 3 608 4 4 09 4.525 51 198 . 3. 101 •3.047 1 .15 .. .. ., 

B - .:.-'4 0 4 : 5-- 1 -5 -

" ;....... 5 - 3 5 -----.-. 578.-4 .... 604. 93 ...08. 3 .- 50.710-?- 4-3.. e 49.9 :-1 28 ... -- 3.2 - .... 3.. 18 . -....... 0. 99870- .... ..... . . .. . -7 

B0- - 607, 
"41:1 

51.86 

'38.5~12 577 25~0. .0.4 86 81 7. 315 3.-6171' 09825 

-.57~-4 02. -60. - 44.7 -', 44.93 84 .0 .9 .97 

49.0 576.6 603.5 608.9 43.27 43.42 18.84 "3800 3.743 0.90 

525 56 4 .60 09. 54b3,L 00 41.962 19.17.- 2.3.. 3-t.8929587 

3 58, . 3 606. ,. •. . - ". .1. .3 101 - 3. 01,I 

5- 560. 578.4 606 .7 . 0 1 .. 40. 1.. 40.56 . 19.59 , .103 .98 i4. 043 - ----. 0. 9 10-------...  

. 59.5 575.8 603.5 609 4 39.60 39.24 19.89 ,. 4.36,. 4.197 0.9475 

63.0 575. 6 00.8 60.3 8. 02 38 .4 . 1 ". . .5 . 9426 .. 3.5 0.9759.  

45 66 -0. . 575 . .602.9 -608.0 .. .. 4-,. .. .. 3. -5 0 . •.. ... . - .  

"49. 0CHA ES IN THE GAS VOLUIE ARE-SMALL ENCUJH TO MARE THE PROCESS . .576.6 6035 4. 2 :-.-." 3-.7 -.0 - 7 .  

.. PROXIMATELY OF . CONSTANT. .VOLUE ... I ...N -0 ... N1.9 - 4- -0 ... - 4 . ... 0.3. . .------. .  

5 6 0 0" - 60.. . ... . 4 a .. .. . . ... . 352 .  

@ .....................


