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ABSTRACT 

An experimentd investigation was conducted to determine the effects of various 
physical parameters on the pressurant gas requirements during the pressurization and 
expulsion of liquid hydrogen from a 3.96-meter- (13-ft-) diameter spherical tank. The 
experimental results were also compared with results predicted by a previously devel- 
oped analytical program. The experimental results show that injector geometry, inlet 
gas temperature, and tank pressure level have a strong influence on the actual pressur- 
ant gas requirements. There was fair agreement between the analysis and experimental 
data when using the hemisphere injector. However, the analysis in its present form 
does not adequately predict pressurant requirements when using the straight pipe in- 
jector. 
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GASEOUS-HYDROGEN PRESSURANT REQUIREMENTS FOR THE 

DISCHARGE OF LIQUID HYDROGEN FROM A 3.96-METER- 

(13-FT-) DIAMETER SPHERICAL TANK 

by Robert J. Stochl, P h i l l i p  A. Masters, R ichard  L. DeWitt, and  Joseph E. Maloy 

Lewis Research Center  

SUMMARY 

An experimental investigation was conducted to determine the effects of various 
physical parameters on the pressurant gas (GH2) requirements during the pressurization 
and expulsion of liquid hydrogen from a 3.96-meter- (13-ft-) diameter spherical tank. 
The experimental results were compared with results predicted by a previously devel- 
oped analytical program which was revised and extended for  this investigation. Tests 
were  conducted for a range of outflow rates, pressurizing rates, and initial ullage vol- 

4 4 4 umes at nominal operating pressure levels of 24.13X10 , 34.47X10 , and 51.71X10 new- 
tons per square meter (35, 50, and 75 psia) using inlet gas temperatures of 173 and 
300 K (311' and 540' R). Data were obtained using two injector geometries, hemisphere 
and straight pipe. 

The experimental results show that injector geometry, inlet gas temperature, and 
tank pressure level have a strong influence on the actual pressurant gas requirements. 
There was fair agreement between the analysis and experimental data when using a 
diffuser-type injector. However, the analysis in its present form does not adequately 
predict pressurant gas requirements when using the straight pipe injector. 

INTR ODUCTl ON 

During the past several years, a great deal of effort has been devoted to the prob- 
lems associated with the pressurized discharge of a cryogenic liquid from a tank. The 
main objective of these efforts has been the optimization of a propellant tank pressuriza- 
tion system. One phase of this optimization is a precise determination of pressurant 
requirements for  any given set of operating parameters (i. e., tank pressure, inlet gas 

I 



temperature, liquid outflow rate, tank size, etc.). This knowledge would allow the de- 
sign of a system that carried only the weight of gas necessary to accomplish the mission. 

to predict, according to a selected set of simplifying assumptions, the quantity of pres- 
surant gas required during the pressurized discharge of liquid hydrogen (LH2). Some of 
these simplifying assumptions may, for certain conditions (i. e., for various injector 
geometries, tank shapes, and sizes), limit the capability of the analysis to accurately 
predict pressurant requirements. 

Therefore, an investigation was conducted at the Lewis Research Center to deter- 
mine experimentally the effects of various physical parameters on the pressurant gas 
requirements during the pressurization and expulsion of liquid hydrogen from propellant 
tanks. The experimental results were  compared with results predicted by the analytical 
program developed in reference 1. Some results of this program a r e  reported in refer- 

3 ences 3 and 4. The tests of reference 3 were performed in a 0.82-cubic-meter (29-ft ) 
cylindrical (L/D = 3) tank using six different pressurant gas injection geometries. The 

4 pressurant gas used was hydrogen. The operating tank pressure level was llO.lX10 
newtons per square meter (160 psi) with inlet pressurant gas temperatures between 282 
and 310 K (508' and 558' R). The results of these tests showed that the analysis (ref. 1) 
for  certain injector geometries could predict the actual pressurant requirements to with- 
in 4 0  percent. The experiniental results also indicated that between 10 and 20 percent 
of the total energy that w a s  lost by the pressurant gas was  lost to the liquid and that the 
mass transferred represented approximately 10 percent of the mass that was added to 
the tank through the injectors. Both mass and energy transfer between the pressurant 
gas and liquid are ignored by the analysis of reference 1. 

The tests of reference 4 were performed in two 1.52-metes- (5-ft-) diameter 
spherical tanks (one had a wall thickness of 0.409 cm (0.161 in.), the.other had one of 
0.762 cm (0.30 in. )). Again, the pressurant gas used was hydrogen. The operating 
tank pressure level for these tests was 34.47XlO newtons per square meter (50 psia) 
with inlet gas temperatures of 167, 298, and 355 K (301°, 536', and 639' R). The anal- 
ysis of reference 1 was modified ki reference 4 to incorporate the spherical tank geom- 
etry and also to incorporate an expression for the heat transfer from the gas to the liq- 
uid in the energy equation. The results showed that the modified analysis predicted the 
actual pressurant requirements for all conditions to within an average of 12.38 percent. 

The analytical model and major assumptions used in references 3 and 4 thus proved 
to be adequate for relatively small cylindrical and spherical tanks. However, there was 
some doubt as to the validity of some of the assumptions for large scale tanks. This re- 
port presents the results of the investigation of the pressurant gas requirements in a 
3.96-meter- (13-ft-) diameter spherical tank. The same modifications to the original 
analysis (ref. 1) that were used in reference 4 are used herein; that is, the analysis 

Several investigators have developed analyses (e.g. , refs. 1 and 2) which attempt 
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was revised and extended to account for heat transfer occurring at the gas-liquid inter- 
face in tanks of arbitrary symmetric shape and was also extended to cover the initial 
pressurization period. 
pendixes A, B, and C. 

The major limiting assumptions remaining from the original analysis a r e  those of 
one-dimensional flow and no mass transfer. References 3 and 4 both indicate that the 
assumption of one-dimensional flow is valid for injectors that diffuse the inlet pressur- 
ant throughout the ullage, but is not valid for straight pipe injectors. References 3 
and 4 also indicate that mass transfer could, depending on the inlet gas temperature and 
the injector used, represent a substantial percentage of the pressurant requirement. 
However, the incorporation of mass transfer in the analysis was  not attempted in this 
report because of the added complexity and incomplete knowledge of the mass transfer 
phenomenon. 

values on the pressurant gas requirements during the pressurization and expulsion 
period in a 3.96-meter- (13-ft-) diameter tank for the various operation parameters and 
to compare these values with predicted ones. A secondary objective was to obtain ex- 
perimental information on tank wall heating, liquid heating, residual ullage energy, and 
mass transfer in order to gain an insight into the reasons for (1) any variations in actual 
pressurant gas requirements, and (2) differences between predicted and experimental 
values. 

chamber. 

For convenience, these modifications a r e  presented in ap- 

The primary objective of the test work described herein was to obtain experimental 

The tests were conducted using a spherical aluminum tank located in a vacuum 
The main test  variables were as follows: 

Nominal inlet gas temperature, K (OR) . . . . . . . . . . . . . 173 and 300 (311 and 540) 
Pressurant gas injector geometry . . . . . . . , . . . . . hemisphere and straight pipe 
Nominal tank pressure, N/m (psia) . . . . . . . 24.13X10 , 34.47Xf0 , and 5 1 . 7 1 ~ 1 0 ~  

(35, 50, and 75) 
Liquid outflow rates, kg/sec (lb/sec) . . . . . . , between 1.73 and 4. 32 (3. 81 and 9.52) 

2 4 4 

Data were d . so  obtained for pressurization of the tank from 1 atmosphere to the de- 
3 3 sired operating pressure level at various rates from 2.59X10 to 10.14X10 newtons per 

square meter per second (0.376 to 1.47 psi/sec) for initial gas ullages of 5, 26, 52.5, 
and 74 percent of total tank volume. 
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SYMBOLS 

A 

b 

C 

CH 

cP 

cV 

cW 

C 

D 

d 

G r  

g 

H 

h 

hC 

k 

L 

I 

M 

AM 

M 
- 
M 

MI 
N 

2 2  area, m (ft ) 

z1 Ar I - - -  2- 
ri Z 

orifice coefficient 

effective perimeter of interior hardware, m (ft) 

specific heat at constant pressure, J/(kg)(K) 

specific heat at constant volume, J/(kg)(K) 

specific heat of tank wall, J/(kg)(K) 

(Btu/(lb)(OR)) 

(Btu/(lb)(OR)) 

(Btu/(lb)('R)) 

CY- Q W -  Tw - - At- 
lwpw cw 

orifice diameter, m (ft) 

'2 AX P' - P '1 AX ---- -- 
Z At P' Z At 

Grashof number, L3p2gp AT 
2 

P 
gravity acceleration, m/sec2 (ft/sec 2 ) 

enthalpy, J (Btu) 

sp4cific enthalpy, J/kg (Btu/lb) 

convective heat-transfer coefficient, J/(m )(K)(sec) 

thermal conductivity, J/(m) (K)(sec) 

flow length, m (ft) 

thickness, m (ft) 

2 2 0  
(Btu/(ft )( R)(sec)) 

(Btu/(ft)( OR)( sec)) 

mass, kg (1b) 

differential mass, kg (lb) 

mass flow rate, kg/sec (lb/sec) 

molecular weight, kg/(kg)(mole) (lb/(lb) (mole)) 

ideal pressurant requirement, kg (lb) 

number of volume segments 
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Nu 

n or i 

P 

A P  

A P* 

Pr 

Q 
Q 

;1 
R 

r 

Ar 

Re 

T 

T6 
t 

At 

U 

AU 

U 

V 

AV 

V 
- 

V 

W 

hCL Nusselt number, - 
k 

summing index 

pressure, N/m2 (lb/in. 2, 

differential pressure, N/m2 (lb/in. 2, 

orifice A P  

PC 

k 
Prandtl number, 2 

heat transfer, J (Btu) 

heat-transfer rate, J/sec (Btu/sec) 

specific heat-transfer rate, J/(kg)(sec) (Btu/(lb)(sec)) 
2 2 heat-transfer rate per unit area, J/(m )(sec) 

gas constant, J/(K)(mole) ((ft-lb)/('R)(mole)) 

radius, m (ft) 

increment of radius, m (ft) 

Reynolds number, - 

temperature, K (OR) 

differential temperature, K (OR) 

temperature at edge of thermal boundary layer, K (OR) 

time, sec 

time increment, sec 

internal energy, J (Btu) 

differ entia1 energy, J (Btu) 

specific internal energy, J/kg (Btu/lb) 

volume, m3 (it3) 

volume increment, m3 (ft3) 

velocity, m/sec (ft/sec) 
specific volume, m3/kg (ft  3 /lb) 

(Btu/(ft )(sec)) 

LTp 

P 

work, J (Btu) 
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xn 
X 

Ax 

Y 

Y 

Z 

Z 

a! 

Y 

6 

x 
P 

P 

w 

P 

number of net points in ullage 

coordinate in direction of tank axis, m (ft) 

space increment, m (ft) 

expansion factor 

thickness within boundary layer, m (ft) 

compressibility factor 

elevation or vertical distance along tank wall, m (ft) 

hc At 
1 +  

PWlWCW 

specific heat ratio 

finite increment, o r  total boundary layer thickness, m (ft) 

latent heat of vaporization, J/kg (Btu/lb) 

viscosity, kg/(”W (lb/(ft)(W 

density, kg/m3 (lb/ft3) 

Mrrr 

coefficient of thermal expansion 1/K (1PR)  

Subscripts: 

A 

ad 

E 

f 

G 

H 

i 

i - f  

L 

6 

analytical results 

adiabatic 

experimental results 

final state or condition 

gas added to tank 

internal hardware 

initial state or condition 

from initial to final state or condition 

liquid 



0 condition prior to ramp 

S liquid surface 

sat saturation 

T total quantity 

t transferred 

U ullage 

w wall 

Superscript: 

time index 

APPARATUS AND INSTRUMENTATION 

Facility 

All tests were conducted inside a 7. 61-meter- (25-ft-) diameter spherical vacuum 
chamber (fig. 1) to reduce the external heat transfer into the tank. The vacuum capa-

Figure 1. - 7. 61-Meter- (25-foot-) diameter spherical vacuum chamber. 
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bility of this chamber was approximately 8X10-7 mm @. A general schematic of the 
test tank and associated equipment is shown in figure 2. The pressurant gas inlet t.em- 
perature was controlled by a heat exchanger and blend valve subsystem capable of de- 
livering gaseous hydrogen at temperatures between 167 and 405 K (301' and 729' R) at a 
maximum flow rate of 4. 54x10-1 kilogram per  second (1.00 lb/sec). A ramp generator 
and control valve were used for controlling the initial rate of pressurization of the pro- 
pellant tank. A closed-loop pressure control circuit was used to  maintain constant tank 
pressure during the expulsion period. The liquid outflow rate was controlled by remotely 

i 

con t ro l le r  

Three-way 

exchanger 

Gaseous 
+ hydrogen 

supply 

Pressure t ransducer 
Temperature transducer 

, d o n t r o l  valve 
(dur ing  expulsion) _ - ___ - __ _ 

I 
I Di f ferent ia l  pressure - I ! t ransducer 

I 
I 

I control ler  
I 

i 
,-Control valve for  I 

in i t ia l  pressure / .  

generator 

I 

1:   control 
valves 

Figure 2 - General schematicof  facility. 
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operated variable flow valves. The liquid hydrogen outflow from the tank was returned 

to the storage Dewar. 

Liquid outflow rates were measured using a turbine-type flowmeter located in the 

transfer line. The flowmeter was calibrated, at the Lewis Research Center with LH2, 

within an estimated uncertainty of ±1/2 percent over the expected range of flow rates. 
Pressurant gas inlet flow rates were determined by the use of an orifice located in the 

pressurant supply line. Tank, line, and differential pressures were measured with 

bonded strain-gage-type transducers to an estimated uncertainty of ±1/4 percent. 

Test Tank 

The experimental work was conducted in a 3. 96-meter- (13-ft-) diameter spherical 
tank. The tank (fig. 3) was constructed of twelve 2219-T87 aluminum alloy gore seg

ments. Each segment was chern-milled to three thicknesses. The weld land thickness 

was 1. 95 centimeters (0. 75 in. ), the midland thickness was 1. 27 centimeters (0. 50 in. ), 

and the membrane thickness was 0.89 centimeter (0.35 in.). The tank weight was 

1800 kilograms (3769 lb). A O. 457-meter- (18-in. -) diameter flanged assembly was 

used as the lid of the tank. The lid, which housed the inlet and vent pipes and the elec

trical connections for all internal tank instrumentation, was constructed of 347 stainless 

steel and weighed 92.16 kilograms (203 lb). 

Figu re 3. - 3. 96-Meter- (l3-foot-) diameter test tank. 
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Pressurant  Gas In jector  Geometries 

The two injector geometries tested are shown in figure 4. These particular geom- 
etries were selected because they produce the two basic injection patterns of refer- 
ences 3 and 4. The hemisphere injector diffuses the pressurant uniformly throughout 
the ullage volume, while the straight pipe injects the pressurant gas in a concentrated 
jet toward the liquid surface. The hemisphere (which best seems to conform to the an- 
alytical assumption of one-dimensional gas flows) has an open exit area of 928 square 

2 centimeters (143.9 in. ). The straight pipe injector had an open area of 17. 15 square 
centimeters (2.66 in. ). 2 

,--Tank lid (typical) 

4.67 cm diam 

24.9 cm 

Straight pipe injector 
(Open area, 17.15 cm2) 

4.67 cm diam- 

)___ 40.6cm- =) 

Hemisphere injector 
(Open area of outer screen, 928 cm2) 

CD-10433-28 

Figure 4. - Injector geometries. 

I n t e r na I Ta n k I n st r u m e ntat  io n 

Ullage gas temperatures were used to determine the mass and energy content of the 
tank ullage. These temperatures were obtained with sensors capable of accurate meas- 
urement of rapid changes in temperature. Internal tank instrumentation is illustrated in 
figure 5. 
dicated. 
investigation. The use of thermopiles to measure ullage gas temperature was first de- 
scribed in reference 5, and the technique was used with good results in references 3 
and 4. 

Location of the vertical and horizontal ullage gas temperature rakes a r e  in- 
The thermopile was the basic temperature measurement technique used in this 

The main advantage of using thermopiles is their fast response time (between 
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Plat inum resistance sensors 
temperature range, 

K (OR) 

0 20 to 277.8 (36 to 500) 
o 2 0 t o  38.9 (36 to 70) 
0 20 t o  38.9 (36 t o 7 0  

A 38.9 to 277.8 (70 to 500) 
+ 38.9 to 277.8 + 70 to 5001 

Liauid level 

-Thermopile 
(typicall 

A 
I 

Figure 5. - 3.96-Meter-diameter tank instrumentation. 

0.2 and 1.0 sec) in going from saturated liquid to saturated vapor. 
is approximately an order of magnitude less than that of carbon resistors which also 
have been used in this type of investigation. 

sion of the rake used in reference 4. 
surroundings than the sensors of reference 4. Triangular t russ  sections were used as 
the main support structure. 
in.) diameter stainless-steel tubing (fig. 6(a)) to minimize the heat capacity of the 
rake. Interlocking, laminated thermoplastic modules w e r e  used as the frame for the 
thermopile sensors. 

u re  6(b). The thermopile units were constructed of 0.202 millimeter (0.008 in.) chromel- 
constantan wire. Vertical ullage gas temperature profiles were obtained by stacking the 
individual thermopile units as shown in figure 6(a). The spacing between the reference 
and measuring levels was 6.60 centimeters (2.60 in.) for the top 48 thermopiles of the 

This time response 

The instrumentation rake (fig. 6(a)) used in this investigation was an improved ver- 
The sensors on this rake a r e  more exposed to the 

The t russes  were constructed of 0.476-centimeter- (0.187- 

A typical three-element thermopile unit wiring schematic is illustrated in fig- 
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------ -- --

Leads to 
recording 
i nstru menta
tion (typicalh'-_ 

Station 
4 

3 

\ 
\ 
\ 

resisto r probe 

----- Constantan 

r Measu ring level for 
I station 2 and refe rence 

level for station 3 

__ Refe rence level 
for station 2 

(a) Th ermopile mod ules and su ppo rt st ructure. (b) Wi ring schematic for rake. 

Figu re 6. - Th ermopi Ie rake. 

vertical rake. The 8 units at the bottom of the rake had 3. 30-centimeter (1. 30-in.) 
spacings in order to obtain a more accurate temperature profile of the ullage gas near 
the liquid surface at the end of an expulsion. 

Platinum resistance sensors, which were located at least every tenth station start

ing from the bottom of the rake, sensed the absolute temperature at their location and 
provided a reference for the thermopiles above the location. The horizontal rakes were 

composed of platinum resistance s-ensors spaced a maximum of 33.0 centimeters 

(13.0 in.) apart in the radial direction. Two platinum resistance sensors were used at 

each location to measure liquid and/or gas temperatures in the 20 to 38. 9 K (360 to 
700 R) and 38.9 to 277. 8 K (700 to 5000 R) ranges. These dual sensors permitted more 

accurate measurement of both liquid and gas temperatures than could be achieved with 

one sensor covering the entire range. 
The initial static temperature profile near the liquid surface was determined by an 

interface rake (fig. 5). This rake contained 17 platinum resistance sensors spaced 

1. 10 centimeters (0.43 in.) apart. The range of these sensors was 20 to 38.9 K (360 to 
700 R). The initial liquid level was determined by the location of the saturation tem

perature (corresponding to tank pressure) on the interface rake and verified by 
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. . . - .  , . -  

liquid level sensors spaced 0.64 centimeter (0.25 in.) apart within the interface rake. 

18 locations (every 10' starting from the bottom of the tank) and the liquid temperature 
at the flowmeter. Copper-constantan thermocouples were used to determine tank lid 
temperatures at 5 locations and the pressurant gas inlet temperature. 

3 urements were recorded at a rate of 3.125X10 channels per second. Each measure- 
ment channel was sampled every 0.064 second. 

Platinum resistance sensors were also used to determine tank wall temperatures at 

All measurements were recorded on a high-speed digital data system. The meas- 

PROCEDURE 

The spherical test tank was filled from the bottom to approximately a 2-percent 
ullage condition. It was then topped off as necessary while the tank lid and peripheral 
support hardware reached steady- state operating temperatures . 

tablished through the heat exchanger loop, through the control valves and orifice ar- 
rangement, and then into the tank ullage from where it was vented through the condition- 
ing line to the outside as shown in figure 2. 
figure 2 was used to get the desired pressurant gas temperatures during the flow period. 
When the pressurant gas temperature conditioning was almost completed, the liquid 
level in the tank was adjusted to a desired value by either topping or slow draining. The 
liquid level was determined from the liquid level sensors on the interface rake. 

The pressurant gas flow was then stopped and the test tank was vented in prepara- 
tion for an expulsion run. The automatic controllers and timers were preset with all the 
desired run and operating conditions (i. e.,  tank pressure level, length of ramp period, 
length of hold period, liquid outflow valve position, start and stop times of the data re- 
cording equipment, etc. ). 

matic run sequence was to take electrical calibrations on all pressure transducers. 
Immediately following this, the test tank was pressurized over a predetermined time 
base to the desired nominal operating pressure. 
about 30 seconds to stabilize internal temperatures. The tank expulsion period was then 
started. 
at the 95-percent ullage level indicated gas. The test  tank was then vented and refilled 
with LH2 for the next expulsion. 

Additional ramp pressurization runs, with no expulsion, were made for three dif- 
ferent tank ullage levels. The only deviation in the operating procedure for these runs 
was that the liquid outflow valve was locked shut. 

Temperature conditioning of the pressurant gas was then started. Gas  flow was es- 

The temperature control circuit shown in 

After starting the data recording equipment, the next step of the completely auto- 

Tank pressure was held constant for 

The expulsion period was stopped when a hot wire  liquid level sensor located 

13 



DATA REDUCTION 

P h ysica I Description of P ro bl em 

An initially vented tank containing a two-phase one-component cryogenic fluid was 
pressurized from 1 atmosphere to a higher pressure by adding gas to the ullage. The 
system was then allowed to reach a new equilibrium condition at which time liquid out- 
flow was started. During the expulsion period, pressurant gas (at constant temperature) 
was added to the tank at a rate that maintained a constant tank pressure while expelling 
the liquid at a desired rate. 
phase is dependent on (1) the volume of liquid displaced with no heat or mass transfer, 
(2) the heat transfer to the tank wall, internal hardware, and liquid, and (3) the amount 
of mass condensed or evaporated. 

ratio of the ideal pressurant requirement to the actual pressurant requirement. The 
ideal pressurant was determined under the assumption that the incoming pressurant gas 
did not exchange energy or mass with the surroundings. Under this assumption, the 
ideal pressurant required for the initial pressurization of the tank was determined by the 
relation 

The amount of pressurant gas used during the expulsion 

The main parameter used as a figure of merit in the subsequent discussion is the 

The ideal pressurant required for the expulsion period was determined by the relation 

- 
M P  AVU 

ZRTG 
MI = 

Mass Balance 

A mass balance was performed on the ullage volume from an initial time ti to a 
final time tf as follows: 

f = i + M ~ ,  i-f * Mt, i-f 

14 



A description is now given of the way in which the te rms  of equation (3) were determined. 
Pressurant gas added (MG, i-f). - The weight of the actual pressurant gas used 
-~ 

from any initial time ti to any final time tf was determined by numerical integration 
of the gas  orifice equation: 

M ~ ,  i-cf = 1' YD2C d p  AP* dt 

Note that tf - ti is the time necessary to expel AVU of liquid. 

obtained by numerical integration of the particular density profiles as follows: 
Ullage mass. - The initial ullage mass MU, and final ullage mass M were u, f 

(4) 

The internal tank volume was partitioned into 57 axial segments corresponding to 

These rings (339 in all) comprised 

The position of the 

thermopile location. 
ing to the location of radial temperature sensors. 
the AVn% in the previous calculations. 
ature gradients could be incorporated into the mass calculations. 
liquid level prior to and after expulsion determined the number of gas volume rings (Ni 
and Nf) used in the ullage mass calculations. 

Each of these segments was in turn divided into rings correspond- 

In this manner, radial as well as axial temper- 

Mass transfer. - The mass transfer was calculated from equation (3) as a result of ~ ~ ~ - _ _ _  

Mt, i-f = i + M ~ ,  i-f - f 

was a positive quantity, mass was assumed to  be leaving the ullage volume If %,i--f 
(e. g., condensation). 
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Energy Balance 

For the thermodynamic system consisting of the entire tank and its contents 
(tank + ullage gas + liquid), the first law of thermodynamics for an increment of time dt 
may be written, ignoring the potential and kinetic energy terms, as 

If h = u + Pv is substituted, equation (7) becomes 

There is no external work done on the system s o  the final form of equation (7) becomes 

Equation (9) can be integrated over any time period. The physical interpretation of 
the quantities in equation (9) are as follows: 

v vv u 1 

Change in Energy Energy Energy 
system input by leaving from en- 
energy pressurant through vironment 
(tank+gas gas inflow liquid (heat leak) 
+liquid) outflow 

A description is now given of the way in which the terms of equation (10) were evaluated. 

can be evaluated as follows: 
Energy input by p r e s s u r s t  gas. - The first term on the right side of equation (10) 

f f  MGhG dt = xAt MG, nhG, At 
i n=O 
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The pressurant flow rate MG was determined from equation (4). The specific en- 
thalpy of the inlet gas was evaluated at the inlet temperature and pressure at each time 
increment At. 

be evaluated as follows: 
Energy leaving through liquid. - The energy of the liquid that leaves the system can 

At ltf MLhL dt N ML, nhL, At 
i n=O 

The liquid flow rate ML was determined from the turbine flowmeter. The specific en- 
thalpy of the liquid was evaluated at the outlet temperature. 

Energy input from environment. - The rate of energy input into the tank from the 
environment was assumed to be the same for all tests and was determined from a boiloff 
test. This test resulted in a nominal value of energy input rate of 4.87X10 joules per 
second (4.66 Btu/sec). 
equation (12). This value was, in all test cases, less than 8.2 percent of the energy 
added to the tank by the pressurant gas: 

3 

The total energy input over the expulsion period is given by 

f f  Q dt 4. 87x10 3 (tf - ti) 
i 

Thange in system energy. - The change in system energy can be separated into 
three categories: (1) change in ullage energy, (2) change in liquid energy, (3) change in 
the wall energy; or ,  stated mathematically, 

dUT = dUU + dUL + dUw (13) 

Change in ullage energy. - The change in the ullage energy over any given time in- 
terval ti - tf is obtained by subtracting the internal energy of the ullage at time ti 
from the internal energy at time tf: 

I.. 
1 
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Making use of the relation U = H - P V  gives 

s utf 
ut i vf ‘i 

The ullage gas density and enthalpy a re  functions of pressure and temperature. 
Therefore, the change in ullage energy was evaluated by knowing the pressure and tem- 
perature profiles at times tf and ti. 

Change in liquid energy. - The change in energy of the liquid in the tank can be de- 
termined in a similar manner to the change in ullage energy: 

or 

Here again the liquid density and enthalpy a re  functions of measured pressure and tem- 
peratur e. 

Change in wall--energy. . - The change in wall energy was determined by applying the 
first law of thermodynamics to an element of the wall: 

= AU W = A M w  dT2 C v d T  
1 

where Cv = Cv(T) 
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The total change of the wall energy is then 

Total energy ~~ ~~ distribution. - For convenience equation (13) is substituted into (10): 

Itf: (Uu + Uw + UL ) dt = ltf MGhG dt -ltf MLhL dt +dtf dt (20) 
i i i 

ti 

Rearranging terms gives 

t ltf (MGhG + @)dt = f (MLhL dt + dUL) +Jtf dUU -t dtf dUw (2 1) 
~ . - - - - - v ~ - - J  i \ ti ti i J L  J L  

V v v 
1 

Total energy Total 'change Total Total 
added (AUT) in liquid change change 

energy in ullage in wall 
(AU,) energy energy 

(AUw) 

Dividing through by AUT gives 

The data presented herein a re  in the form of these ratios which show the relative distri- 
bution of the total energy input. 

Error Ana lysis 

An analysis was performed to determine the magnitude of probable e r ro r  which 
could be present in the integrations of equations (4) to (6) and in the determination of all 
terms in the energy balance equation (13). Probable e r r o r  is defined as follows: There 
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h) i 0 

time, r Ramp Expulsion 
I 

Initial Mass  Mass  Hold 
ullage added t r ans -  
mass ,  during fer Mass Mass 

~ 

kg ramp, 
kg 

TABLE I. - EXPERIMENTAL AND ANALYTICAL MASS BALANCE RESULTS 

during mass  added t r ans fe r  
af ter  during during , r amp ,  

1 Mass  added during 

---- ------- 
18 Hemi- 3 4 . 4 7 ~ 1 0 ~  28.40 540 18.30 34.76 1060.2 1113.26 1.168 0.248 
19 sphe re  28.38 298 536 17.41 35.33 740.2 792.94 1.400 .215 - .098 1 .713  ,218  ,289 

28.38 298 536 16.77 35.77 457.2 509.74 1 .756  ,205  -.165 2.126 .214 ' , 303  
28.40 173 311 19.65 33.47 1062.9 1116.02 1.182 .422 - . l o 6  1.711 , 3 1 8  .288 

26 28. 38 172 310 19. 65 33.34 795.0 847.99 1.139 .436  -.088 1. 662 , 317 .174 
27 28.38 170 306 19.58 33.28 468.9 521.76 1.221 .429 -.074 1.724 .330 . l 8 6  

expulsion, 
Ullage 

hold, 
kg 

Mass 
t r ans fe r  
during 

expulsion, 

kg 

Final 
ullage 
mass,  

kg 

1 , 5 7 7 4 . 0 3 3  2 2 . 9 0 4 . 1 0 0  25.422 
1. 6 4 2 4 . 1 0 5  2 1 . 0 2 4 . 0 7 0  22.395 
2 .0374 .130  18 .804 .010  20.151 
1 . 7 4 0 4 . 0 8 8  2 7 . 1 9 4 . 0 1 4  32.269 
1 , 8 0 5 4 . 1 1 7  2 6 . 2 4 4 . 0 1 0  30.435 
1 . 8 6 8 4 . 1 1 5  2 4 . 8 8 4 . 0 6 8  27.466 

0.6744. 274 2 3 . 7 8 6 4 .  270 
1 . 1 2 1 4 .  259 21.5244.237 
1 . 5 6 0 4 .  236 19 .2574 .197  

. 9 5 8 4 .  331 2 7 . 9 4 6 4 .  319 
1 . 0 4 3 4 . 3 2 2  26 .9834 .300  
1.47 6 4 .  282 2 5 . 0 3 7 4 .  257 

30 Straight 3 4 . 4 7 ~ 1 0 ~  28.38 292 526 38.08 64.13 1052.0 1154.21 1.365 0.284 -0.394 2.043 0,212 -0.057 2 . 3 1 2 4 . 0 7 9  1 5 . 4 7 4 . 0 7 2  27.534 -3 .8274 .248  21 .5994 .225  

31 Straight 3 4 . 4 7 ~ 1 0 ~  28.38 292 526 37.44 64.38 780.0 881. 82 ,904  , 288  -. 613 1 .806  . 179 -.151 2 . 1 3 5 4 . 0 8 1  13. 6 3 4 . 0 5 4  24.900 -5 .5314 .241  21 .2884 .227  
pipe 

pipe 

34 Hemi- 51.71X104 28.32 290 522 20.74 33.02 1158.1 1211.86 1.199 0.542 -0,034 1.775 0.427 0.253 11 .9484 .023 /  3 1 . 3 9 4 . 0 1 2  35.600 1 . 7 6 0 4 . 3 3 1  31 .5524 .330  
20.93 32.77 836.6 890.30 . a64 ,549 -. 216 1.629 .440 , 2 8 6  11 .7844 .  0331 34 .164 .007  32.732 6 .4864 .310  29 .4484 .303  

,542 1 . 8 2 7 4 . 0 3 9  3 0 . 0 9 4 . 0 0 8  28.911 5 . 0 8 0 4 . 2 6 3  26.811iO.260 
265 513 19.01 34.56 1144.5 1198.07 1.031 ,180 - .141 1.352 , 2 0 6  ,127 1 . 4 3 1 4 . 0 2 6  1 7 . 1 9 4 . 0 0 8  20.583 . 2 1 3 4 . 2 2 6  1 9 . 1 1 4 4 . 2 2 4  

35 sphe re  

40 286 515 19.01 34.94 832.6 886.55 ,891  , 1 7 1  -.122 1 .183  ,178  ,078 1 . 2 8 4 d . 2 8 2  1 6 . 6 2 4 . 0 0 7  18.533 . 4 9 9 4 . 3 4 6  1 7 . 3 9 2 4 . 1 9 1  
42 286 515 18.18 35.45 492.3 545.93 1.512 ,154  - . l o 7  1.773 , 1 8 3  , . 193  1 . 7 6 3 4 . 2 5 7  1 4 . 7 1 4 . 0 0 7  15.790 1 .1324 .304  15 .3284 .161  

I 1 20.48 32.90 , 494.9 548.28 1.059 , 5 2 6  -. 147 1.732 . 637 
24. 13x104 



I 

4 .113 
2 .433  
5 .626  
4.093 
2.420 

TABLE II. - EXPERIMENTAL AND ANALYTICAL ENERGY BALANCE RESULTS - 
Run Injector Inlet gas Expul- Expulsion 

temper- sion 
ature time, 

see 

Energy added by Energy Energy gained by Energy gained by ullage, Energy gained by liquid, 

pressurant gas, added by tank wall, AUUl AUL’ - 
OR J environ- AT,,  9 J J 

67.45 56.60 
56 .04  46.49 
4 8 . 8 3  43.99 
43 .86  37.22 L 36.35 31. 19 

1 8  Hemisphere 
19 
20 
25 
26 

1 27 

40 
42 

1 
I 

straight pipe 
Straight pipe 

Hemisphere 

300 
298 
298 
173  
17 2 
170 

292 
292 

290 

- 

- 

1 
285 
286 
286 - 

I 
ment, , J 

Experimental Analytical .T 

Experimental Analytical Experimental Analytical Experimental Analytical 

540 1060.2 9 6 . 3 5 1 0 . 0 4 ~ 1 0 ~  9 8 . 2 4 ~ 1 0 ~  5. 213X1O6 58.18X1O6 5 2 . 2 3 ~ 1 0 ~  28.0610. 1 8 ~ 1 0 ~  29. 96X106 17.2751. 87X106 
536 
536 
311 
310 
306 

526 
526 

522 

- 

- 

1 
513 
515 
515 - 

740.2 88.0510.03 81.65 3.639 52.90 44.00 2 7 . 0 6 a .  15 28 .01  14.1251. 65 
451.2 78 .4110.03  69 .01  2.248 43 .70  35.96 25.7610. 11 27.13 7.9451. 35 

1062.9 6 6 . 3 5 a .  03  61.18 5.206 29 .40  21 .76  29.1910. 2 1  32.17 16.9551.90 
795.0 63 .4610.03  6 2 . 3 1  3.909 26.94 20.64 28.7110. 19  31.38 1 5 . 1 6 d .  69 
468.9 59.2810.  02  54 .02  2 .305  22.10 11. 84 2 7 . 6 1 a .  15 30. 10 8.1851.38 

1052.0 63.1410. 0 3 ~ 1 0 ~  1 0 5 . 8 0 ~ 1 0 ~  5 . 1 1 2 ~ 1 0 ~  3 4 . 2 4 ~ 1 0 ~  5 2 . 0 4 ~ 1 0 ~  
780.0 1 55 .7210.02 93 .41  3.839 2 5 . 8 1  46.72 

95 .87  
78.62 
61 .38  

26.1310.  1 2 ~ 1 0 ~  
25.8010. 11 

40.5210. 19X106 
39.5110. 18  
38.3510.14 
20.4210. 17 
1 9 . 7 2 a .  14 
18.4910. 10 

3 0 . 8 0 ~ 1 0 ~  24.3351. 8 6 ~ 1 0 ~  
29.64 ~ 25.23+1.65 

16. 05X106 
9.64 
5.92 

13.85 
10.29 

6.08 

22. 96X106 
17.05 1 

16.00 



is a 50-percent probability that the e r ro r  will be no larger than the value stated, This 
analysis considered the e r ro r s  introduced by the temperature transducers as well as the 
tank pressure sensor. The e r ror  analysis was performed for all runs for the expulsion 
period. The results of this analysis are included with the tabular data in tables I and TI. 

RESULTS AND DISCUSSION 

The main parameter used to compare the effectiveness of the various operating 
parameters on the amount of pressurant gas used is the nondimensional ratio MI/MG, 
where MI is the ideal pressurant required to pressurize or expel a given volume of 
liquid at a given inlet gas temperature and tank pressure. The actual pressurant re-  
quirement for the same conditions is MG. A higher MI/MG ratio means less energy 
and mass exchange. It does not necessarily mean a lower absolute pressurant require- 
ment MG as will be illustrated later in this section. 

A value of 1 for MI/MG implies that there is no heat transferred to the tank wall  
o r  liquid and no mass transfer.  This in turn implies that for  no environmental heating 
the te rms  AUw/AUT and AUL/AUT in equation (22) a r e  zero and that AUu/AUT is 
equal to 1; that is, all the energy added to the tank during expulsion (AU,) appears as an 
increase in ullage energy (AUU). Therefore, any value of MI /MG o r  AUu/AUT less 
than 1 means energy is lost by the ullage system. This loss of ullage energy would then 
appear as an increase in tank wall heating and/or liquid heating (AUw/AUT and/or 
AUL /AUT) - 

The discussion of results will  first present the effects of the various operating pa- 
rameters on the ratio MI/MG, which was of primary interest, followed by mass trans- 
f e r  Mt/MG -results. Then the results of the energy balances will be presented in an 
attempt to point out major reasons for the ratios MI/MG or AUU/AUT being less  
than 1. Finally, a comparison will be made between the experimental results and the 
analytically predicted results in order to determine the validity of the analytical program. 
The analytical results are presented in the figures along with the corresponding experi- 
mental results. The comparison between experimental and analytical results will be 
given in terms of an average deviation, which is defined as 

I (Experimental ratio) ._ - (Analytical 
(Experimental ratio) 

- - . . - - - - __ - - - 
N 
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Figure 7. - Comparison of ideal pressurant requirement to  actual pressurant 
requirement ra t io  for various expulsion times for two in le t  gas temperatures. 
Hemisphere injector; tank pressure, 34. 47x104 newtons per square meter 
(50 psia). 
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Figure 8. - Comparison of actual pressurant  requirements for various expulsion 
t imes for two in le t  gas temperatures. Hemisphere injector; tank pressure, 
3 4 . 4 7 ~ 1 0 ~  newtons per square meter 150 psia). 
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TABLE 111. - DEVIATIONS BETWEEN EXPERIMENTAL AND 

Run 

18 
19 
20 
25 
26 
27 

30 
31 

34 
35 
37 
39 
40 
42 

- 

- 

~ 

Injector 

Hemisphere 

Straight pip e 
Straight pipe 

Hemisphere 

! 

Inlet  ga: 
temper- 

a ture  - 
K 

~ 

300 
29E 
298 
17 2 
172 
170 

292 
292 

290 

- 

- 

1 
285 
2 86 
2 86 

- 
R 0 

540 
536 
536 
311 
310 
106 

526 
526 

522 

I 
513 
515 
515 

aAnalysis underpredicts, +; 

ANALYTICAL RESULTS 
__ 

Tank 
pressure,  

N/m2 

34. 47x1O4 

4 
3 4 . 4 7 ~ 1 0 ~  
3 4 . 4 7 ~ 1 0 ~  

i 1.7 1 ~ 1 0 ~  

4 
1 

24. 13x10 

Percent  deviation between experimental 
and analytical results” 

M I 4  

+9.85 
+6.08 
+6.83 

+15.84 
t14.04 
t10.24 

t43.83 
t44.93 

t16.78 
t15.47 
+l.  82 

t14.19 
b13.05 
t14.18 

q J / A U 7  

- 10.50 
- 16.27 
-22.81 
-16.17 
-17.79 
-24.05 

+23.82 
+26.78 

-11.76 
-32.01 
-34.51 

-5,30 
-11.11 
-15.56 

nalysis overpredicts, -. 

AUW/AU7 

+8. 30 
+6.59 
+3.88 

+21.90 
+17.25 

+8.08 

+ l .  80 
-15.20 

+8.64 
-4.21 
-7.06 

+11.41 
+lo. 97 

+6.75 

AU,/AU, 

+4.11 
+23.37 
+12.24 
+13.92 
+26.66 
+15.78 

+39.04 
+57.07 

-3.65 
+29.29 

+8.41 
+14.29 
i-6.76 

0 

where N is the number of data points in a given set of operating conditions (i. e. , when 
a hemisphere injector is used for a constant inlet gas temperature of 173 K (311’ R), N 
would be 3 for data presented in figs. 7 and 8). For convenience, individual deviations 
between the .experimental and analytical results are summarized in table Ill. 

and outflow rates, as well as major experimental and analytical results, are summa- 
rized in tables I and II. Table I gives experimental and analytical mass balance results 
while table II gives the corresponding energy balance results. 

The operating parameters, inlet gas temperature, injector geometry, tank pressure 

Temperature Effect Us ing  a D is t r i bu t i ng  In jector  (Hemisphere) 

P ressu ra  n t R eq u i rem ent  s 

The effect of two inlet gas temperatures is compared in figure 7 on the basis of 
MI/MG for various expulsion times. Expulsion time is the total time required to expel 
liquid from a 5-percent ullage to a 95-percent ullage. Therefore, each data point rep- 
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resents a complete expulsion. As can be seen in the figure, the ratio MI/MG is lower 
for  the higher inlet gas temperature. This implies a larger percentage of energy that 
is contained in the pressurant gas is lost to the tank wall and liquid as the inlet gas tem- 
perature is increased. The average decrease in MI/MG for all expulsion times in go- 
ing from 173 K (311' R) inlet gas temperature to  a 300 K (540' R) inlet temperature is 
29.0 percent. A comparison of the actual pressurant requirements MG for the two in- 
let gas temperatures for various expulsion times is shown in figure 8. For reference, 
the various expulsion times (or constant liquid outflow rates) are also shown in terms of 
an equivalent thrust level based on the specific impulse of the RL10A3-3 engine 
(4350 (N)(sec)/(kg); 444 sec). The actual pressurant requirements MG decrease for 
increasing inlet gas temperature, and increase for increasing expulsion times. Although 
the absolute value of MG decreases for increasing inlet gas temperatures, the ratio 
MI/MG also decreases because of the even greater decrease in ideal requirements. 

The shaded symbols in figures 7 and 8 are the results as predicted by the analytical 
program. The analysis underpredicts the MI/MG ratio (overpredicts MG) by an av- 
erage of 7.59 percent for the 300 K (540' R) inlet gas temperature and 13.37 percent for 
the 173 K (311' R) inlet gas temperature (see table Ill for actual deviations). 

M a s s  transfer. - A comparison of the ratio of mass transferred during expulsion to 
the actual pressurant added to the tank Mt/MG for different expulsion times and the two 
inlet gas temperatures is presented in figure 9. In all cases, the net mass transfer was 
condensation and represented between 2.9 and 8.3 percent of the pressurant mass added 
to the tank during expulsion. 
creases for increasing expulsion time. And for a given expulsion time, the ratio was 
higher for the higher inlet gas temperature with the exception of the 1060-second run 

For a given inlet gas temperature, the ratio Mt/MG de- 

. lo-  
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- 

- 

- 

- 
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r 
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0 300 (540) 
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F igure 9. - Comparison of mass t ransfer  to mass added ra t io  for various 
expulsion t imes for two i n l e t  gas temperatures. Hemisphere injector; 
tank pressure, 3 4 . 4 7 ~ 1 0 ~  newtons per square meter (50 psia). 

25 



where the 300 K (540' R) inlet gas produced less condensation (lower Mt/MG) than the 
173 K (311' R) inlet gas. 

The results -of reference 4 (which deal with a 1.52-m-diam spherical tank) indicate 
the major mode of mass transfer to be evaporation, whereas these tests (3.96-m-diam 
spherical tank) indicate condensation for similar test conditions. A possible reason for  
this reversal in the mass transfer mode is the difference in the gas velocities in the 
vicinity of the liquid surface during the expulsion. 
isphere injectors used in both tanks (928 cm for the hemisphere used in the 3.96-m- 

2 diam tank and 174 cm for the 1.52-m-diam tank) and the measured pressurant flow 
rates for the shortest expulsion times (457 sec for the 3.96-m tank and 132 sec for the 
1.52-m tank), the gas velocity at the injector outlet for the 3.96-meter tank is approx- 
imately the same as that obtained in the 1.52-meter tank. However, the liquid surface, 
in the 3.96-meter tank, is 2.6 times farther from the injector than it is in the 1.52- 
meter tank. Thus, the velocity of the gas at the liquid surface would be reduced, lead- 
ing to reduced impingement of the pressurant gas s t ream into the liquid surface. The 
authors believe that this reduced impingement results in gas condensation for the 3.96- 
meter - diameter tank. 

The trend for both tanks for increasing expulsion times is toward evaporation. The 
limiting condition (as expulsion time -c m) would be the boiloff due to external heat input. 

Energy _. remaining in ullage. - The ratios of the energy increase in the ullage over 
the expulsion period to the total energy added to the system AU,/AUT for different ex- 
pulsion times a re  compared in figure 10 for the two inlet gas temperatures. For all 
runs, between 27.5 and 50 percent of the total energy added to the system remains in the 
ullage after expulsion. 
for  increasing inlet gas temperatures. Also, for a given inlet gas temperature, the 

Based on the open area  of the hem- 
2 

For any given expulsion time, the ratio AUu/AUT decreases 

In le t  gas 
temperature, 

K ( ^ R )  

0 300 (540) 
0 173 (311) 
Open and closed symbols 

denote experimental and 
analyt ical data, respectively 
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Figure 10. - Comparison of energy increase in ullage to total energy added ra t io  
for various expulsion t imes for two in le t  yas temperatures. Hemisphere 
injector; tank pressure, 3 4 . 4 7 ~ 1 0 ~  newtons per square meter (50 psia). 
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ratio AUu/AUT decreases with increasing expulsion time. It should be noted that the 
absolute value of AUu does not change significantly for the two operating inlet gas tem- 
peratures used during testing. The mean increase in ullage energy for these series of 
runs (table n> was 27.7x10 6 joules (26 287 Btu) with a standard deviation of 1.23X10 6 

joules (1165 Btu). Any trends in the ratio AUu/AUT, therefore, depend mainly on var- 
iations in the total energy added (AUT) to the system because of variations in energy 
losses to the tank wall and liquid. 

temperatures of 173 K (311' R) and by an average of 16.5 percent for an inlet gas tem- 
perature of 300 K (540' R). 

Energy added to tank wall. - The ratio of energy gained by the tank wall to the total 
energy added to the system AUw/AUT for different expulsion times is compared in fig- 
ure  11 for two inlet gas temperatures. In general, between 35.9 and 57.9 percent of the 

The analysis overpredicts AUu/AUT by an average of 19.3 percent for inlet gas 
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Figure 11. - Comparison of energy gained by wall  to total energy ddded ra t io  for 
various expulsion times us ing two in le t  gas temperatures. Hemisphere 
injector; tank pressure, 34.47~104 newtons per square meter (50 psia). 

total energy added to the system was  gained by the tank wall over the range of conditions. 
A s  can be seen in table TI and in figure 11, both the absolute value of AUw and the ratio 
AUw/AUT increase with increasing inlet gas temperature. The increase in AUw is 
due to the larger driving potential AT for heat transfer between the ullage gas and the 
tank wall. The total energy added to the tank AUT does not increase in the same pro- 
portion as AUw, which results in the increasing ratio AUw/AUT. The flatness of the 
two curves indicates that AUw and AUT increase in approximately the same propor- 
tion with increasing expulsion time. The analysis underpredicts the AUw/AUT ratio by 

, . . -. . . . .... ._ 
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an average of 6.3 and 15.7 percent for the 300 and 173 K (540' and 311' R) inlet gas 
temperature, respectively. 

ergy added to the tank was gained by the tank wall over similar test conditions. 'Tn these 
two cases, tank size has a relatively small effect on the percent of total energy gained 
by the tank wall. 

Energy gained by liqxid. - Figure 12 is a comparison of the ratio of energy gained 
by the liquid to the total energy added to the tank AUL/AUT for different expulsion 
times for the two inlet gas temperatures. Tn all cases, between 10 and 24 percent of the 
total energy added to the tank appears as an increase of liquid energy (liquid heating). 

The results of reference 4 showed that between 30 and 58.8 percent of the total en- 

In le t  gas 
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Figure 12. - Comparison of energy gained by l iqu id  to total energy added rat io  for 
various expulsion t imes for two in le t  gas temperatures. Hemisphere injector; 
tank pressure, 34. 47x104 newtons per square meter (50 psia). 

The experimental data indicate a decreasing AUL/AUT ratio for increasing inlet 
gas temperatures although the absolute magnitude of energy gained by the liquid is ap- 
proximately the same for both inlet gas temperatures at comparable expulsion times 
(see table II). The decreasing AUL/AUT is therefore due to increased total energy re- 
quired AUT when using the higher inlet gas temperature. The data also indicate in- 
creasing AUL and AUL/AUT for increasing expulsion times for a given inlet gas tem- 
perature. The increase in AUL is the result of the longer exposure of the liquid surface 
to a heat source. 

The analytical predictions of the ratio AUL/AUT are also presente.d in figure 12 
(see table III for average deviations). The large discrepancy between analysis and ex- 
perimental data is partly caused by the e r r o r  in experimentally determining the gain in 
liquid energy AUL. The probable e r ror  associated with experimental determination of 
AUL is between 10 and 17 percent (see table n). The analytical trend, however, is the 
same as observed experimentally; that is, the analysis predicts decreasing AUL /AUT 
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with increasing inlet gas temperature for constant expulsion time and increasing 
AUL/AUT with increasing expulsion time for a constant inlet temperature. 

Temperature distributions. - The results from the previous discussion point out 
that in all cases between 82.5 and 90 percent of the total energy that was added to the 
system is either absorbed by the tank wall o r  remains in the ullage. The correlation 
between the analysis and experimental data, therefore, depends largely on the ability of 
the analysis to predict final wall and ullage gas temperature profiles. These tempera- 
ture profiles are, in turn, used to determine the increase in wall and ullage energy and 
the final ullage mass. The ability to predict these temperatures explains the good 
agreement between the experimental data and analysis reported in references 1 and 4. 

present comparisons of experimental and analytical wall and ullage gas temperature pro- 
files resulting from the two inlet gas temperatures. 

temperature profiles at the end of a 740-second expulsion for a run which had a.n inlet 
gas temperature of 300 K (540' R). For this run, the ratios MI/MG and AUw/AUT 
predicted by the analysis were within 6.08 and 6.59 percent of the experimental results 
(see table 119. 

To verify this agreement for the tests with the 3.96-meter tank, figures 13 and 14 

Figure 13 presents a comparison of experimental and analytical wall and ullage gas 

The experimental gas temperatures shown in figure 13 are obtained from 

Temperature. "R 

I I I 1 I 
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Temperature, K 

Figure 13. - Comparison of calculated and experimental gas and wall  temperature profi les at end of 740-second 
expulsion. Hemisphere injector; in le t  gas temperature, -300 K (540" R); tank pressure, 34.47~104 newtons 
per square meter (50 psia). 
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the vertical rake and indicate average radial temperatures at their respective vertical 
positions. In the absence of any mass transfer, the pressurant mass required for  an 
expulsion could be determined as the difference between the final mass in the ullage and 
the initial mass prior to expulsion. Since one of the initial conditions for the analytical 
program is the initial experimental temperature profile (and, therefore, the initial ul- 
lage mass) prior to expulsion, the deviation in pressurant requirements would largely 
be the results of the predicted final temperature profile. 

As seen in figure 13, the calculated final ullage gas temperatures are lower than 
the experimentally observed temperatures at every position in the tank. As a result, 
the final calculated ullage mass is greater than that determined experimentally and 
therefore leads to an underprediction of the MI/MG ratio. 

temperatures. 
heat of the wall is a strong function of temperature results in the 6.59-percent under- 
prediction of the AUw/AUT ratio. 

Figure 14 presents a similar comparison of experimental and analytical wall and 
ullage gas temperature profiles at the end of a 795-second expulsion which had an inlet 
gas temperature of 173 K (311' R). Here the calculated final ullage gas temperatures 

The calculated wall temperatures a r e  also lower than the experimentally observed 
The slightly lower temperatures together with the fact that the specific 
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Figure 14. - Comparison of calculated and experimental gas and wall  temperature profiles at end of 
795-second expulsion. Hemisphere injector; in le t  gas temperature, - 173 K (311" R); tank 
pressure, 3447x104 newtons per square meter (50 psia). 
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are much lower than experimentally observed temperatures resulting in a large devia- 
tion (14.04 percent) between analysis and the observed value of pressurant requirements 
(M /MG). The predicted wall temperatures a r e  also lower than the temperatures ob- 
served experimentally. As a result, the analysis underpredicts tank wall heating 
AUw/AUT by 17.25 percent. 

for  MI/MG and AUw/AUT for the lower inlet gas temperature a re  not clearly under- 
stood. 

I 

The reasons for the larger deviations between analytical and experimental values 

Injector Effect 

Pressurant requirements. - The effect of injector geometry on the pressurant re-  
quirements (M /M ratio) for different expulsion times for an inlet gas temperature of 
294*6 K (529 *ll R) is shown in figure 15. The comparison is made between a 
straight pipe injector, which injects the pressurant gas in a concentrated jet toward the 
liquid, and a hemisphere injector (fig. 4), which diffuses the pressurant uniformly 
throughout the ullage volume. Data for the straight pipe injector were not reported for 
expulsion times lower than 780 seconds because of a tank pressure dropoff encountered 
at the beginning of the expulsion period. Tank pressure dropoffs from a nominal oper- 
ating pressure of 34.47x10 newtons per square meter (50 psia) to values as low as 
20.47X10 newtons per square meter (29 psia) were observed before the recovery of 
pressure back to the original operating level could be achieved by the control system. 
Similar type pressure dropoffs were reported in reference 3 while testing a straight pipe 
injector. 
lage due to violent mixing of ullage gas and liquid droplets caused by direct impingement 
of pressurant gas into the liquid surface. 

o 1  oG 

4 
4 

These pressure dropoffs a r e  attributed to rapid temperature decay in the ul- 

Injector 
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5-12 n Straight pipe 

r\ 

# a  A r 
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Expulsion time, sec 

Figure 15. - Comparison of ideal pressurant  requirement to actual pressurant  
requirement ra t io  for various expulsion t imes for two injector geometries. 
In le t  gas temperature, -294*6 K (529"*11" R); tank pressure, 34.47~104 
newtons per square meter 150 psia). 
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For the data obtained, the straight pipe has less pressurant requirements (greater 
MI/MG) than the hemisphere injector (similar results were obtained in ref. 4). The 
straight pipe has a 35.0 percent lower pressurant requirement (greater MI/MG) for a 
780-second expulsion and a 32.4 percent lower requirement for a 1052-second expulsion. 
The reasons for the decreased pressurant (as will be discussed later in this section) are 
(1) less energy transfer to the tank wall and (2) evaporation of liquid. Both injector 
types indicate increasing pressurant requirements (decreasing MI/MG) for increasing 
expulsion times. The analytical predictions of pressurant requirements MI/MG are 
also presented in figure 15 (see table Ill for deviations). 

A basic assumption of the analytical model is that of one-dimensional flow. Refer- 
ences 3 and 4 both indicate that this assumption is valid when using injectors that diffuse 
the pressurant throughout the ullage but is not valid when using a straight pipe injector. 
Similar results a r e  evident for these tests. Since the analytical program does not dis- 
tinguish variations in injection pattern, its results for both injectors can be approxi- 
mated by a single curve. 

times for the two injectors is shown in figure 16. The M ~ / M ~  ratio (always condensa- 
Mass transfer. - The comparison of the Mt/MG ratio for different expulsion 
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I I I I I I 
' 400 500 600 700 800 900 1000 1100 
2 1  I 

Expulsion time, sec 

Figure 16. - Comparison of mass t ransfer  to mass added ra t io  for various 
expulsion t imes for two injector geometries. In le t  gas temperature, 
294?6 K (529"?11" R); tank pressure, 34.47~104 newtons per square 
meter (50 psia). 

tion) for the hemisphere injector was discussed previously. The mode of mass transfer 
when using the straight pipe injector was evaporation. This evaporation is caused by a 
forceful impingement of the pressurant gas stream into the liquid surface. The inlet 
velocity of the pressurant gas decreases for increasing expulsion times resulting in re- 
duced impingement and reduced evaporation (decreasing Mt/M&. 

Energy remaining in ullage. - The comparison of the AUU/AUT ratio for different 
expulsion times for the two injector geometries is shown in figure 17. As stated pre- 

32 



Injector 
0 Hemisphere 
L3 Straight pipe 
Open and closed symbols 

denote experimental and 
analyt ical data, respectively 

0 

0 0 .  e 
I I I I I I I 

500 600 700 800 900 1000 1100 
Expulsion time, sec 

Figure 17. - Comparison of energy increase in ullage to total energy added ra t io  
.for various expulsion t imes for two injector geometries. In le t  gas temperature, 
294+6 K (529"ill" R); tank pressure, 34.47~10~ newtons per square meter 
(50 psia). 

viously, between 27.5 and 32 percent of the total energy added to the tank remains in the 
ullage at the end of expulsion when using the hemisphere injector. For the straight pipe 
injector between 38.2 and 43.3 percent remains in the ullage. There is an average of 
45.7 percent more energy remaining in the ullage than the hemisphere injector indicated. 
This means less pressurant energy was lost to the tank wall and liquid while using the 
straight pipe injector. Both injectors show a decreasing AUU/AUT ratio for increas- 
ing expulsion times, which indicates more pressurant energy was lost to tank wall  
and/or liquid because of a longer exposure to the cold environment. The analysis over- 
predicts the energy remaining in the ullage AUU/AUT by an average of 16.53 percent 
for the hemisphere, but it underpredicts that quantity by an average of 19.34 percent for 
the straight pipe injector. This 19.34 percent underprediction will be discussed later in 
this section. 

energy added to the tank AUw/AUT for different expulsion times for the two injector 
Energy added to tank wall. - The ratio of energy gained by the tank wall to the total 
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analyt ical data, respectively 
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Figure 18. - Comparison of energy gained by wall  to total  energy added ra t io  for 
various expulsion t imes for two injector geomet ies. In le t  gas temperature, 

(50 psia). 
294k6 K (529"i1lo R); tank pressure, 34.47~10 d newtons per square meter 

33 



geometries is shown in figure 18. The straight pipe injector has less wall heating 
(lower AUw/AUT) than the hemisphere types - 25.9 percent lower at a 780-second ex- 
pulsion and 13.8 percent lower at a 1052-second explsion. As mentioned previously, 
the ratio AUw/AUT is relatively independent of expulsion time for the hemisphere in- 
jector, whereas AUw/AUT increases for increasing expulsion time when using the 
straight pipe injector. The reduced wall heating when using the straight pipe is due to 
lower, nearly constant, axial temperatures in the upper portion of the ullage together 
with rather large radial temperature gradients that were lowest near the tank wall and 
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Figure 19. - Comparison of radial gas temperature profiles obtained at 
end of 780-second expulsion for straight pipe and hemisphere 
injector. In le t  gas temperature, -294 K (529" R). 
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highest at the center of the tank. The constant axial temperature will be discussed later 
in this section. The measured variations in radial ullage gas temperature profiles for 
the straight pipe injector (at the end of a 780-sec expulsion) and the hemisphere injector 
(at the end of a 740-sec expulsion) for  approximately the same inlet gas temperature are 
shown in figure 19. 

The analysis overpredicts AUw/AUT when using the straight pipe injector by an 
average of 8.50 percent. This ratio for the straight pipe is misleading because of the 
large overprediction of pressurant requirements. The overprediction on pressurant re- 
quirements results in a large overprediction of the total energy added (AUT). The actual 
deviations between analytically and experimentally determined wall energy increase AUw 
are 82. 5 and 52.0 percent, respectively. This overprediction will be discussed in the 
temperature distribution section. 

for different expulsion times for the two injector geometries. Between 10 and 17 percent 
of the total energy added to the tank appears as an increase in liquid energy when using 
the hemisphere injector. The straight pipe injector produces a larger amount of liquid 
heating: Between 35.6 and 42.5 percent of the total energy added to the tank appears as 
an increase in liquid energy. 
(increased AUL/AUT) for increasing expulsion time, whereas the straight pipe pro- 
duces decreased liquid heating (decreased AUL/AUT) for increasing expulsion. 
on the slopes of the two curves shown in figure 20, it appears that at some expulsion 
greater than 1100 seconds the hemisphere and straight pipe injectors would produce the 
same amount of liquid heating (a similar observation can be made for the mass trans- 
ferred, see fig. 16). At this point, the effect of the injection pattern of the straight pipe 
would be minimized because of the low injection velocities. 

Energy gained - by liquid. - Figure 20 presents a comparison of the AUL/AUT ratio 

The hemisphere injector produces increased liquid heating 

Based 

Here again the analytical data for both injectors can be approximated by a single 
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Figure 20. - Comparison of energy gained by l iquid to total energy added ra t io  
for various expulsion times for two injector geometries. In le t  gas temper- 
ature, 294k6 K (529k11"  R); tank pressure, 34. 47x104 newtons per square 
meter (50 psia). 
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curve because of the inability of the program to distinguish injector variations. As a 
result, the predictions are good for  the hemisphere injector and poor for the straight 
pipe injector. The scatter that is present in the analytical data is the result of variations 
in initial conditions (e. g. , initial wall and gas temperature profiles and inlet gas tem- 
perature and pressure) for the different injectors. 

Temperature distribution. - - Figure 21 compares experimental and calculated gas 
and wall temperature profiles for the straight pipe injector at the end of a 780-second 
expulsion. The comparison of wall and gas profiles for the hemisphere was made pre- 
viously. The experimental data show a nearly constant ullage temperature profile in the 
upper 60 percent of the ullage and then a decrease almost linearly to the liquid surface. 
The experimental wall temperature profile is similar to that of the ullage. The analyti- 
cal gas temperatures increase almost linearly from the liquid surface to the top of the 
tank. The large differences in analytical and experimental final ullage gas temperature 
profiles result in a large deviation in the predicted value of pressurant requirement 
MI/MG (see table I@. The analysis underpredicts the wall temperatures in the lower 
54 percent of the tank and overpredicts in the upper 46 percent of the tank. The larger 
overprediction of wall temperatures in the upper 46 percent of the tank coupled with the 
fact that the specific heat of aluminum increases rapidly with increasing temperature 
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Figure 21. - Comparison of calculated and experlmental gas and wall  temperature profi les 
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leads to the overprediction of 82.5 percent on AUw. The analysis does not (with the 
present assumptions) have the capability to accurately predict either the gas o r  wall 
temperature profiles obtained when using the straight pipe injector. 

Effect o f  Tank Pressure  Level o n  Pressurant  Requirements 

A comparison of the pressurant requirements (MI/MG ratio) for different expulsion 
times for three tank pressure levels is presented in figure 22. The data presented in 
figure 22 were obtained using the hemisphere injector and an inlet gas temperature of 
29158 K (524Ok14' R). The ratio MI/MG for the three tank pressure levels can be 
represented by a single curve which indicates that the actual pressurant requirements 

0 2 4 . 1 3 ~ 1 0 ~  (35) 
SI$ 0 74.47 (50) 

51.71 (75) 
Open and closed symbols 

denote experimental and 
analytical data, respectively 

D A n . 
Y U 

I I I 1 I I 2  
600 700 800 900 1000 1100 1200 

Expulsion time, sec 

Figure 22. - Comparison of ideal pressurant requirement t o  actual pressurant requirement 
ra t io  for various expulsion times for three tank pressures. Hemisphere injector; in le t  
gas temperature, 291+8 K 1524Ot14" R). 

as well as ideal pressurant requirements (see eq. (2)) are directly proportional to tank 
pressure. The general trend is toward increasing pressurant requirements (decreasing 
MI/MG for increasing expulsion times for all tank pressure levels. 

The agreement between the analysis and experimental results is good for the three 
tank pressure levels. 

Mass ~ transfer. - Figure 23 presents a comparison of mass transfer (Mt/MG ratio) 
for different expulsion times for the three tank pressure levels. 
mode of mass transfer was condensation. For a given expulsion time there is increased 
condensation (increased M t / M 3  for increased tank pressure levels. For increased 
expulsion times, there is decreased condensation (decreased Mt/MG) for the three tank 
pressure levels. 

In all cases the net 
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Figure 23. - Comparison of mass t ransfer  to pressurant  mass added ra t io  for various 
expulsion times for three tank pressures. Hemisphere injector; in le t  gas temper- 
ature, 291+8 K (524"*14" R I  

Energy remaining in ullage. - - The ratios of the energy increase in the ullage during 
the expulsion period to the total energy added to the system (AUU/AUT) for different ex- 
pulsion times are compared in figure 24 for the three tank pressure levels. Here again 
the experimental data for  the three pressure levels can be represented by a single curve 
indicating that the ratio AUu/AUT does not depend on tank pressure level. For a given 
expulsion time the same percentage of the total energy added to the tank is lost to the 
tank wall  and/or liquid surface regardless of the tank pressure level. The trend is 
toward decreasing AUu/AUT ratio for increasing expulsion time for all three tank 
pressures. 

creasing tank pressure level. 
The average deviation between analytical and experimental results increases for in- 
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Figure 24. - Comparison of energy increase in ul lage to total energy added ra t io  for various 
expulsion times for three tank pressures. Hemisphere injector; in le t  gas temperature, 
291+8 K (524"*14" R). 
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Energy ,added to tank wall. - The comparisons of the AUw/AUT ratio for different 
expulsion times for the three tank pressure levels are presented in figure 25. The ratio 
AUw/AUT decreases for increased tank pressure levels. There is an average decrease 
of 6.78 percent in AUw/AUT going from a tank pressure of 24.13X10 to 34.47X10 
newtons per square meter (35 to 50 psia) and an average decrease of 14.55 percent go- 
ing from 34.47XlO to 51.71X10 newtons per square meter (50 to 75 psia). The actual 
magnitude of energy lost to the tank wall (AU,) increases for increased tank pressure 
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analyt ical data, respectively 

Y 
I) - A 

I 1 I I 1 1 1  
500 600 700 800 900 1000 1100 1200 

Expulsion time, sec 

Figure 25. - Comparison of energy gained by wall to total energy added ratio for various 
expulsion times for three tank pressures. Hemisphere injector; in le t  gas tempera- 
ture, 291i8 K (524Ok.14" RI. 

levels. 
because of the higher inlet pressure, resulting in the decreased AUw/AUT ratio for the 
higher pressure levels. 
creases for increasing expulsion time because of a longer exposure of the wall to a heat 
source . 

However, the total energy added to the system (AUT) increased at a faster ra te  

In all cases the energy lost to the tank wall  (AUw/AUT) in- 

The analysis underpredicts wall heating (AUw/AUT) in all but two cases. 
Energy gained by liquid. - Figure 26 presents a comparison of the energy lost to the 

liquid (AU,/AU,) for different expulsion times at three tank pressures. 
seem to be any identifiable trends in the ratio AU,/AUT for various tank pressures 
even though the absolute value of energy lost to the liquid (AU,) increases (at a given 
expulsion time) for increased tank pressures. In general, between 9.7 and 18.9 percent 
of the total energy added to the tank appears as an increase in liquid energy. Liquid 
heating increases with increasing expulsion time because of a longer exposure of the 
liquid to a heat source. 

The analysis underpredicts liquid heating (AU,) in all but one case. The large de- 
viations may be the result of uncertainties of experimentally determining liquid heating 
(see table II). 

There do not 
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Figure 26. - Comparison of energy gained by l iqu id  t o  total energy added rat io  for various 
expulsion t imes for t h ree  tank pressures. Hemisphere injector; in le t  gas temperature, 
291+8 K (524"*14" R). 

Temperature distribution. - In order to gain an insight into possible reasons for the 
deviation between analytical and experimental results, a comparison was made of ex- 
perimental and calculated gas and wall temperature profiles for tank pressures of 

4 4 24.13X10 and 51.71xlO newtons per square meter (35 and 75 psia; results of the 
4 2 34.47X10 N/m tank pressure tests were discussed previously). Figures 27 and 28 

compared these temperature profiles at the end of approximately an 835-second expul- 
sion, which represents an average expulsion time for this series of tests. 

24.13xlO newtons per square meter (35 psia) where the deviations between analytical 
and experimental results for Uw/UT and MI/MG were 10.97 and 11.07 percent, 
respectively. The predicted ullage gas temperatures a r e  lower than was  observed ex- 
perimentally. As a result, the final predicted ullage mass was greater resulting in an 
overprediction of 11.07 percent in pressurant requirements. 

tank wall. 
percent underprediction of the ratio AUw/AUT. 

per square meter (75 psia) tank pressure run where the deviations between analytical 
and experimental results for the ratios AUw/AUT and MI/MG were 4.21 and 4.14 
percent, respectively. The predicted ullage gas temperatures are again lower than the 
observed temperatures throughout the ullage volume. This fact in itself would indicate 
that the analytical program would overpredict the pressurant mass requirement. How- 
ever, a large amount of condensation occurred for this run. As a result, the actual 
pressurant requirement increased to make up for the condensation. The predicted pres- 
surant requirement was therefore 4.14 percent less than observed experimentally. 

Figure 27 presents the temperature profiles for a run at a tank pressure of 
4 

The analytically predicted wall temperatures (fig. 27) a r e  also lower throughout the 
The underprediction of temperatures of the tank wall result in the 10.97- 

4 Figure 28 presents the gas and wall temperature profiles for a 51.71X10 newtons 
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Figure 27. - Comparison of calculated and experimental gas and wall temperature profiles at end of 

835-second exp Ision. Hemisphere injector; in let  gas temperature, 286 K (515" R); tank pres- 
sure, 24.13~10 LY newtons per square meter (35 psia). 
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Figure 28. - Comparison of calculated and experimental gas and wall temperature profiles at end of 
835-second expulsion. Hemisphere injector; in le t  gas temperature, 289 K (520" R); tank pres- 
sure, 5 1 . 7 1 ~ 1 0 ~  newtons per square meter (75 psia). 
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The analytically predicted wall temperatures (fig. 28) are lower than the observed 
temperatures throughout the tank. This underprediction of temperatures of the tank wall 
results in 16.2-percent underprediction of wall energy gain (AUw). However, the anal- 
ysis overpredicts the ratio AUw/AUT by 4.21 percent because of the large underpre- 
diction of total energy added (AUT). The large underprediction of total energy is the 
result of underpredicting the pressurant requirement as explained previously. 

Effects of Ramp Rates o n  Pressurant  Required to  Pressur ize t h e  

Tank at  Var ious  In i t i a l  Ullage Volumes 

The amount of pressurant gas needed to initially pressurize a propellant tank may 
be important for certain missions. This is particularly true for multiburn missions 
where the tank is vented after each burn o r  where the coast period between firings is 
long enough to enable the ullage gas to collapse. 

the capability of the analysis to predict the pressurant requirements during the initial 
pressurization period as well as the expulsion period. 
lected during the initial pressurizing period for various pressurizing rates and ullage 
volumes. 

Figure 29 is a comparison of pressurant mass requirements MI/MG as a function 
of ramp rate for various initial ullage volumes. This figure indicates decreased pres- 
surant requirements (increased MI/MG) for increasing ramp rates for any given initial 
ullage volume. For the faster ramps, there is less time for the pressurant gas to lose 
energy to the surroundings. For any given ramp rate, the ratio MI/MG increases for 
larger initial ullage volumes probably because the initial wall temperature prior to ramp 
is higher for the larger ullage volume. Consequently, there is a smaller driving tem- 
perature between the ullage gas an.d tank wall, which results in reduced energy lost to 
the tank wall. The absolute pressurant requirements (both experimental and analytical) 
for the data presented in figure 29 a r e  given in table IV. 

The modification of the analysis of reference 1 for the ramp period is discussed in 
appendix C. As can be seen in figure 29, the analysis does not accurately predict the 
pressurant requirements during the pressurization of the 5-percent ullage (average de- 
viation between analytical and experimental results is d 6 . 0  percent for 5-percent ul- 
lage). However, the prediction improves for the larger ullage volumes. The average 
deviation for the 26-, 52.5-, and 74-percent ullage volumes a r e  A. 6, k3.7, and 
4 . 5  percent, respectively. This same analysis was used in reference 4 to predict the 
pressurant requirement during the initial pressurization period and was also found to be 
inadequate for the smaller ullage volumes. 

As stated in the INTRODUCTION, the purpose of this investigation was to determine 

For this purpose, data were col- 
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In i t ia l  ul lage 
volume, 
percent 

a 5 
0 26 
0 52.5 
D 74 

Open and closed symbols A 
denote experimental and 
analytical data, respectively , 

0 

I I I I I -- 

. 2  . 4  . 6  .8 1.0 1.2 1.4 1.6 
Ramp rate, psilsec 

I 1 I I 1 -2 
1.72 3.45 5.18 6.90 8.62 1 0 . 3 5 ~ 1 0 ~  

Ramp rate, IN /  m2)/sec 

Figure 29. - Comparison of ideal pressurant requirement to actual pressurant 
requirement rat io as function of ramp rate for four in i t ia l  ullage volumes. 
Hemisphere injector; in le t  gas temperature, 167t8 K (301"lt14" R). 

T A B L E  IV. - COMPARLSON OF EXPERIMENTAL AND ANALYTICAL VALUES 

OF PRESSURANT GAS REQUIREMENTS FOR R A M P  PERIOD 
___ 

Run 

23 
24 
27 
44 
45 
46 
67 
69 
71 
86 
88 
91 

~~ 

Ini t ia l  

u l l age  
rolume, 
) e r c e n t  

5.0 
5.0 
5.0 

26.0 
26.0 
26.0 
52.5 
52.5 
52.5 
74.0 
74.0 
74.0 

R a m p  rate 

p s i / s e c  

~ 

0.668 
. 9 3  

1.47 
. a93 
.599 
.454 
-59  
.456 
-376 
.544 
.475 
-409 

N/cm2)  / s ec  

0.461 
.641 

1.01 
.616 
.413 
.313 
.407 
.314 
-259 
.375 
.327 
.2a2 

M a s s  added  

3xpe r imen ta l  

lb  

1.084 
1.082 
.945 

4.641 
4.961 
5.166 
a. 476 
8. a21 
8.977 
9.886 

13.446 
13.482 

0.492 
.491 
.429 

2.105 
2.250 
2.343 

4.001 
4.072 

3. a45 

4.484 
6.099 
6.115 

Analy t ica l  

lb 

1.088 
.9a2 
-687 

4.298 
5. 130 
5.040 

9.463 
9.270 
9.845 
13.515 
.3. 396 

a. 670 

~ 

kg 

0.494 
.445 
.312 

1.950 
2. 327 
2,286 
3.933 
4.292 
4.205 
4.466 
6.130 
6.076 

~ 

Inlet gas 
t e m p e r -  

a t u r  e 

K 

176 
17 3 
170 
169.5 
17 1 
168 
164 
164 
165.5 
163 
160 
169.5 

316 
311 
306 
30 5 
30 a 
30 3 
295 
295 
298 

288 
293 

30 5 
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C ON CLU D 1 N G REMA R K S 

The comparisons between the analytical and experimental results indicate that for  
the range of test conditions used, the analytical program and assumptions are adequate 
to allow prediction of gas requirements during the initial pressurization and expulsion 
periods when using a diffuser-type injector. However, the analytical results do not ap- 
proach the experimental results when a straight pipe injector is used. This discrepancy 
is largely due to the fact that the analysis assumes stratified ullage gas with no radial 
temperature gradients. ' These assumptions are violated in the case of the straight pipe 
injector . 

SUMMARY OF RESULTS 

Tank pressurization and propellant expulsion tests were conducted in a 3.96-meter- 
(13-ft-) diameter spherical tank to determine the effect of various physical parameters 
on the pressurant gas requirements. The results obtained were compared with the r e -  
sults predicted by an analytical program. Tests were conducted using the two inlet gas 
temperatures, three tank pressure levels, two injector geometries, and various outflow 
rates.  The results of this test program are now presented. 

Exper imen ta I Resu It s 

The experimental results indicate a reduction of approximately 20 percent in pres- 
surant gas requirements (MG) for an increase in inlet gas temperature from 173 to 
300 K (311' to 540' R). Increased inlet gas temperature decreases the residual mass 
and energy remaining in the ullage volume after expulsion. This decrease in residual 
energy results from an increase in total energy lost to  the tank wall and liquid. Results 
indicate little difference in the absolute magnitude of mass transferred (Mt) but the mass 
transfer ratio (Mt/MG) increased when the inlet gas temperature was  increased. 

The trends shown in this report for varying inlet gas temperatures a re  consistent 
with the results obtained in a 1.52-meter- (5-ft-) diameter spherical tank (ref. 4) with 
the exception of trends in the mass transfer ratio Mt/MG. Reference 4 indicated in- 
creased evaporation fo r  increasing inlet gas temperatures whereas this report indicates 
increased condensation. 

34 percent less pressurant gas than with hemisphere injector. This reduced require- 
Pressurized expulsion with the straight pipe injector requires approximately 
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ment is primarily the result of reduced tank wall heating (approximately 33 percent less) 
and of the evaporation of liquid hydrogen. The straight pipe injector increases liquid 
heating over that obtained with the hemisphere injector. 

mass required to  expel a given volume of liquid. However, the tank pressure does not 
affect the ratio MI/MG; that is, fo r  a 30-percent increase in tank pressure,  both the 
actual pressurant requirement (MG) and the ideal pressurant requirement (MI) increase 
by approximately 30 percent. Both the absolute value of mass  transfer (condensation) 
and the ratio Mt/MG increase for increasing tank pressures.  The absolute quantity of 
energy lost t o  the tank wall (AU,) increases as the tank pressure is increased. 
the energy gained by the tank wall does not increase in the same proportion as the total 
energy added to the tank (AUT). As a result, the ratio AUw /AUT decreases for in- 
creased tank pressures. Both the absolute value of liquid energy gain AUL and the ra- 
tio AUL/AUT increase for increasing tank pressure. 

for the pressurization period a r e  as follows: 

Operation at higher tank pressure levels increases the absolute value of pressurant 

However, 

The effect of initial ullage volume and ramp rates on the pressurant requirements 

(1) Increased MI/MG for larger initial ullage volumes for a given ramp rate 
(2) Increased MI/MG for increased ramp rates at a given initial ullage volume 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, May 27, 1969, 
180- 31-02- 0 1- 22. 
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APPENDIX A 

VARIABLE GEOMETRY, HEAT LOSS TO TANK WALL, AND INTERNAL HARDWARE 

The basic analysis used in this report for predicting pressurant gas  requirements 
was  developed by W. H. Roudebush in reference 1 for a cylindrical tank. 

The major assumptions in the analysis of reference 1 are as follows: 
(1) The ullage gas is nonviscous. 
(2) The ullage gas velocity is parallel to the tank axis and does not vary radially or 

(3) The tank pressure does not vary spatially. 
(4) The ullage gas temperature does not vary radially o r  circumferentially. 
(5) The tank wall temperature does not vary radially o r  circumferentially. 
(6) There is no axial heat conduction in either the gas o r  the wall. 
(7) There is no mass  transfer (condensation or evaporation). 
(8) There is no heat transfer from the pressurant gas to the liquid. 
Experiments performed at Lewis (ref. 3) confirmed most of these assumptions. The 

experimental results indicated, however, that there is significant heat transfer from the 
gas to the liquid with resulting mass transfer. 

For the purposes of this report, the analysis of reference 1 was modified for appli- 
cation to arbitrary symmetric tank shapes, and an attempt was  made to incorporate the 
heat transfer from the gas to the liquid. The treatment of internal hardware (e. g. , tank 
baffles, instrumentation) was also modified to correspond to the treatment of heat transfer 
to the tank wall. 

The primary equations which deal with the pressurizing gas upon entering the tank 

(1) The first law of thermodynamics 
(2) The continuity equation 
(3) The equation of heat transfer for a point in the tank wall 

circumferentially . 

are:  

First  Law of Thermodynamics 

The form of the first law of thermodynamics used in the analysis in reference 1 for 
cylindrical tanks is 

R T Z ~ ~ C ~  
+ 2hcZRT - aT RTZi ap -- aT - ( T W - T ) - V - + ?  - 

at rii?PCp ax M P C ~  a t  nr2NIPC 
P 
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Modifying this equation to account for both arbitrary symmetric tank shapes and internal 
tank heat sinks gives 

The first term on the right includes the effect of wall curvature. The last term, the 
energy lost to the internal hardware, is treated as the summarion of hardware compo- 
nents: (1) laminated thermoplastic, (2) stainless steel, and (3) copper. For the tanks 
in this investigation, 

MH /1 P H ~ H  
Hardware 

components 

Gluck and Kline, in reference 6, employed the free convection correlation to the 
pressurant gas (hydrogen, helium) for  the pressurized transfer of liquid hydrogen: 

1/3 - _  hCL - Nu = 0.13(GrPr) 
k 

This correlation is used herein even though i t  was  developed for cylindrical tanks. 
Pressurant gas transport properties were evaluated at  the mean of the gas and wall tem- 
peratures. 

Continuity Equation (Area = f(xN 

The basic form of the continuity equation for a cylindrical tank is presented in refer- 
ence 1 (eq. (24)) as 

The modified form of the continuity equation due to variations in tank radius with 
distance along the vertical axis becomes 
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where Z1 and Z2 are defined in reference 1 as 

z2 = z - P 

The last term in equation (A4) evolves from the derivation as follows. For the one- 
dimensional expression for  continuity, 

a a - (pVA) + - @A) = 0 
ax at 

The substitution A = n r 2  is made where r is the position radius at location x along the 
vertical axis: 

a - 2  a 2 - @Vr ) + - (pr ) = 0 
ax at 

The expression for  density from the equation of state p = MP/ZRT is substituted: 

The following velocity equation is obtained after performing the partial differentiation 
and after rearranging terms: 

When the expressions involving Z1 and Z2 a r e  substituted in this equation, equation 
(A4) is obtained. 
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Tank Wal l  Heat Transfer 

Reference 1 (eq. (18)) gives the heat-transfer equation which represents the change 
in wall temperature as a result of the convective process for a cylindrical tank: 

where iw is the rate of heat addition per unit area to the tank wall from outside the 
tank. 

For  a small element of volume in the x-direction, equation (A5) can be written as 

For a wall of arbitrary shape, the following is evident from the sketch: 

A -  2 n r  A s  - A s  1 - -  
V 2 x r A r A x  A r  A x  2, 

Therefore, equation (A5) holds also for this case. 

was used. This 1, was obtained by dividing the mass of the tank lid and flange con- 
nection by the surface area of the first net point. 

To account for the large mass concentration at the top of the tank, an equivalent L 
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APPENDIX B 

EQUATIONS OF HEAT AND MASS TRANSFER AT THE GAS-LIQUID INTERFACE 

The energy and continuity equations (Al)  and (A4) should be modified to incorporate 
both heat transfer from the ullage gas to the liquid surface and mass transfer into the 
analysis. 

The energy equation should incorporate two additional terms : 
(1) The heat-transfer ra te  from the ullage gas to the liquid interface (que,) 
(2) The energy associated with mass transfer (MtX) 

Also, the boundary condition at  the liquid surface should be revised to account for mass 
transfer. These additional terms can be related by performing an energy balance at  the 
gas-liquid interface as done by W. A. Olsen in reference 7 .  The resulting relation, 
when the interface is saturated, is given by 

VAPOR - hL) 
- Mt - s,,, + - (h 

A 

However, mass  transfer was neglected since experimental data, presented in this report, 
indicate that the mass transfer rate Mt was relatively small for most cases (and hence, 
the energy associated with the mass  transferred is small in comparison to qs,L). The 
assumption was made that 

The term d/dt(UL) can be determined from experimental data. However, for the 
purpose of the analysis qUes must be related to the ullage gas  variables. This is done 
by the relation 
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The flow process is free convection flow of pressurant gas down the tank wall and then 
radially inward across  the liquid surface. 

The term Tsat w a s  defined by the thermodynamic assumption of local equilibrium 
for a pure system with relatively small gradients as the saturation temperature corre-  
sponding to the tank pressure. 

With regard to hc, L, reference 8 developed an equation from boundary layer theory 
for forced flow across a horizontal, semi-infinite, constant temperature flat plate given 
by 

- 
The velocity vL of the gas  across the liquid surface in te rms  of the gas velocity VG 
down a vertical wal l  is given in reference 9 as 

where vG, obtained by solving the integrated energy and momentum equations at the wall 
boundary, is given by 

Combining equations (B5) and (B6) for  TTL and substituting into (B4) give 

Equation (B7) shows that the conductance h 
lar in form to the empirical relation for free convection flow given in reference 10 as 

across  the gas-liquid interface is simi- 
c , L  

Nu = hc LL = 0.14(GrPr)" 
k 
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This equation with a value of n = 1/3, although somewhat arbitrary, is used in this 

c, L 
At this point, some choice of T6, which is consistent with the definition of h 

In reference 11, which involved the pressurization of hydrogen with a low mixing 

investigation. 

and fits the data for qu-s, (i. e., d/dt(UL)) must be made. 

diffuser and no liquid outflow, the adiabatic compression temperature given by 
Tad = To ( P / P o ) ( ~ - ' ) ~ ~  was used as the choice for T6. This relation gave good agree- 
ment between analytical and experimental mass  flux results. 

However, for the conditions described in reference 11, appreciable condensation 
occurred. For  greater ullage gas mixing (due to diffuser characteristics as well as the 
liquid outflow process), T6 would be expected to be a higher value than Tad. Refer- 
ence 11 indicated that as Ts increases there is a tendency toward evaporation - that is, 
away f rom the condensation results that occurred when the adiabatic temperature was used. 

qUes = hc, L(Ts - TSat) = d/dt (U,) for  a specific case. The value d/dt (U,) was deter-  
mined from an experimental run where the expulsion time was  approximately 452 seconds. 
For  this condition T6 was determined to be 1.18 times the adiabatic temperature, or 
approximately 41.7 K (75' R), for a tank pressure of 34.47X10 newtons per square me- 
ter (50 psia). This value of T6 was used for all comparisons since most of the experi- 
mental ullage gas temperature profiles indicated a change in slope around 56 K (101' R). 

Using equation (B8), as well as the values for T6 and TSat discussed above, gave 
the final form of the equation used to evaluate the heat transferred from the ullage gas 
to the liquid interface as follows: 

For the work described herein, Ts was  evaluated using the relation 

4 

= k (0. 14)(GrPr)lI3(41.7 K -Tsat) qu-s L 

In order to incorporate liquid heating to the analysis, the term 

k(0. 14)(GrPr)1/3(41.7 K -Tsat)AL 
%-SAL or  - 

xnvp LxnVp 

must be added to the right side of equation (Al). 
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APPENDIX C 

RAMP ANALYSIS 

An application of the work reported in reference 1 is the prediction of mass  of pres- 
surant for the ramp and hold period. A separate computer program which determines 
mass of pressurant as well  as the tank wall energy requirements during the ramp and hold 
period is described herein. 
as outlined in appendix A, are still applicable in the ramp and hold analysis to predict 
mass  of pressurant and wall energy requirements. This analysis computes the gas tem- 
peratures in the ullage at any time during the pressure rise from the gas energy equa- 
tion. The corresponding gas velocities a re  computed from the equation of continuity. 
The iterative method to be described shows how convergence is achieved in the solution 
of the gas energy and continuity equations. 

The predicted mass  of pressurant is based on an integration of the volume elements 
in the ullage at the end of the ramp and hold periods. 

Because of the complexity of the equations involved in the iteration and because of 
the small  amounts of pressurant required for  the ramp when compared with the expulsion, 
no mass transfer or  energy to the liquid is included in this analysis. Mass transfer re-  
quirements accounted for approximately 10 percent of the experimental pressurant re- 
quirements for the ramp period. Quantitatively, the entire mass of pressurant require- 
ments for the ramp period was  less than the expulsion period by a factor of 30 to 60 when 
the initial ullage was  5 percent of the tank volume. 

The same equations which deal with the expulsion period, 

INPUT DATA REQUIREMENTS 

For the solution to proceed, a set of boundary and initial conditions a re  required. 
These conditions, which a re  the same for the expulsion as well as the pressurization, 
are as follows: 

(1) At time t = 0, the values of gas temperature T and wall temperature Tw as 
functions of x, the position within the ullage 

(2) On the boundary x = 0, the value of inlet gas temperature T as a function of 
time 

(3) At the liquid surface, the value of gas temperature T, wall temperature Tw, 
and velocity 7 as functions of time (Although movement of the interface has 
been noted during the ramp pressurization period, no significant effect on the 
programmed output was noted with the value of v = 0 at the interface. ) 
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(4) Tank pressure P, outside heating rate qw, and inside hardware heating rate qH 
a s  functions of time (Like the other initial conditions, the pressure P as a 
function of time or  ramp pressure curve is defined by a discrete se t  of points 
which approximate a smooth curve. In regions or  pronounced curvature, more 
points are needed for accurate definition than for  linear portions. ) 

(5) Constant value of heat transfer coefficient hc, or a correlating equation from 
which hc may be evaluated at each net point from values of T, Tw, and P 

(6) Tank radius as a function of axial distance down from the top of the tank 
(7) Tank wall material properties: density pw and specific heat Cw(Tw) 
(8) Tank wall thickness (average membrane plus weld area thickness) a s  a function of 

(9) Pressurizing gas properties: molecular weight c, specific heat C (T), and 
axial distance down from the top of the tank 

compressibility factor Z (P, T)  

ullage space 

ing the points of computation 

the ramp must be specified 

P 

(10) Initial ullage height, total time of run, the number of net points in the initial 

(11) The initial time step A t  used in following the pressure rise as well as establish- 

(12) If the hold period is to be included in the analysis, then the time for the end of 

APPLICATION OF BASIC EQUATIONS 

Reference 1 makes the substitution of Tw,i from the finite difference form of (A6) 
into the finite difference form of the first law. Rearranging gives a quadratic in the gas 
temperature 'Ti where the prime refers to a step forward in time and the quantities with- 
out the prime a re  evaluated at the previous time step: 

r 
w:) - Tw,i - 

The quantity marked with the asterisk may be evaluated either at the beginning o r  the 
end of the time interval. 

previous quadratic. This occurs when the heat transfer takes place from the wall into 
the ullage gas. For this situation, the solution of the continuity equation provided nega- 
tive gas velocities which made it impossible for equation (Cl )  to converge on the real 
roots . 

A difficulty can ar ise  when evaluating the gas energy equation expressed by the 
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At the start of the ramp (immediately after filling the tank), the initial wall temper- 
ature distribution in the ullage is higher than the gas temperature distribution. This is 
brought about since the wall surface above the liquid is exposed to the ambient temper- 
ature. But the ullage gas temperature near the liquid interface is close to the saturation 
temperature at one atmosphere. 

ference form of equation (A4) is 
The technique used when Tw, > Ti involved a direct substitution. The finite dif- 

Substituting this value of vi for vT in equation (Cl) results in the following cubic 
equation : 

biTi3 + [:): Ti+l + b.c. + ai * - A t  (Vi+l + 
Ax 1 1  

- ai * - At (2) 2 TiTi-l - ":Ti (:) Ti+1 = 0 
i i A x  

This cubic equation is solved for the gas temperature Ti 

ANALYTICAL PROCEDURE 

The analytical procedure uses a variable time increment A t  in following the pres- 
sure  rise.  With this technique, the iteration was stable over a range of inlet conditions 
and the results were consistent with the recorded data. 
following manner. 

The iteration proceeds in the 
A flow diagram is shown in figure 30 for reference. 

55 



Cycle repeated as 
required to achieve 
convergence 

Cycle repeated as 
required to achieve 
convergence 

First  i terat ion 

c) 

T 

Fi rs t  i terat ion 

,-(First calculat ion at $1 

‘3 (First  cal- 
c u  lation 

at t3) 

Figure 30. - Flow diagram showing temperature-velocity i terat ion in energy and cont inu i ty  equations. 

The initial velocity distribution is determined at t ime t = 0 by substituting the 
initial values of dT/dt from equation (Al) into equation (A4). For most of the ramp 
runs encountered in this investigation, an initial time increment of 1 second proved 
satisfactory. 

TEMPERATURE CALCULATIONS FROM TOP TO INTERFACE 

Since values of 7 have been obtained a t  each net point a t  time t = T1 = 0, attention 
is turned to equation (C3) which is cubic in TI. During the iteration, the cubic equa- 
tion (C3) is solved for the gas temperature Ti starting at the point N2 in figure 31. 
When this equation is f i r s t  solved for the ullage temperature distribution, a value for 

is not available. A substituted value of Ti+l proved to be satisfactory as an initial 
guess to get convergence. All other quantities in equation (C3) a r e  available from the 
initial conditions. 
condition. 

The solution for TI at N3 follows, and this procedure continues to calculate gas  
temperatures until the boundary at the interface is reached. The values for the corre-  
sponding wall  temperatures a r e  calculated using the finite difference form of equation (A6). 

The value for TI - 1, the temperature a t  N1, is known as a boundary 

VELOCITY CALCULATIONS FROM INTERFACE TO TOP 

Although the ullage temperatures are computed starting at the top (fig. 31), the 
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Figure 31. -Ana ly t i ca l  model. (Coordinate system i s  positive in downward direction. 1 

velocity equation (C2) is used to calculate the ullage gas velocity starting with the point 
N 
with no expulsion. 

reached. The new velocities a r e  used in equation (C3) along with previous values of 

convergence is achieved over the entire ullage. 
new set  of velocities is determined. 

near the interface. The velocity at the interface NZ, the boundary value, is zero 

The ullage gas velocity is calculated from point to point until the top of the tank is 

Y 

and the temperature distribution is redetermined. This process is continued until 
The time is then advanced to t2 and a 

COMPLETING THE SOLUTION 

With the new velocities at time t2, we evaluate equation (C3) again starting at point 
N2 and terminating at the interface. 
previous iteration, although a substituted value of Ti+l is used as the first value. 

locity distribution. 

A value for  Ti+l is always available from the 

The new values for T; a t  all the points for time t2 a r e  used to recompute the ve- 
This new set  of velocities is then compared with the previous set  
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and convergence is assumed if the deviation is less than half of 1 percent for every 
velocity in the time set. A t ime step is then taken to  t3. 

Jf convergence is not achieved after 40 iterations, the time step is reduced and the 
iteration process is reinitiated. Generally the reduction in time step becomes necessary 
only when there is a severe change in the slope of the ramp curve particularly in the early 
stages of the pressure rise.  

For  the new time t3, the temperature TI in equation (C3) is determined from its 
converged value using the iterative method. 
temperatures and velocity distribution in the ullage for each time step taken in following 
the rate  of pressure in the tank. 

This procedure continues to evaluate the gas  

I I I I I I I 
0 10 20 30 40 50 60 70 

Time, sec 

Figure 32. -Tank  pressure as func t i on  of t ime d u r i n g  i n i t i a l  
pressurization period for  run 27. 

14 
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The initial gas velocity distribution used in solving equation (C3) for each new time 
t is obtained from the previous time as follows: 

Vt ,2  = Vt, 1 
('2) 
(-) 

This iterative procedure can be used for a constant pressure representing the hold 
period. However, for  initiating the ramp, an actual pressure r i s e  must be used. A 
typical example is shown in figure 32. 
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