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ABSTRACT

A new tank design which permits a more accurate determination of residual
mass is described. This design also allows for measurement of liquid-vapor
hold-up in a boiling system using a floating piston.

A theoretical analysis is given of the heat-mass transfer between a pres-
surizing gas and an interface, including the transient build-up and decay of a
condensate film. It is shown that the significant thermal property of the in-
terface which governs the residence time of a condensate film is kpcp, Several
different types of interfaces are compared and it is found that during a 2-
minute pressurized-discharge process a condensate film may be expected to build
up on a liquid nitrogen interface but to exist for approximately 0.65 seconds
only on a styrofoam interface.

Further results are given on the study of pool boiling in an accelerating
system.
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SUBSCRIPTS

NOMENCLATURE

Area ft2

Specific heat, Btu/lbm-F

Energy, Btu/lbm

See Eq. (1k4), °F/ft

See Eq. (15), °F/ft

Enthalpy, Btu/lbm

Heat-transfer coefficient, Btu/hr-ftg-F
Latent heat of vaporization, Btu/lbm
Mass, lbm

Rate of work transfer, Btu/hr

Pressure, psia

Rate of heat transfer, Btu/hr
Temperature, F

Saturation temperature after pressurization, F
Internal energy, Btu/lbm

Flow velocity, ft/hr

Specific volume, ft3/1bm

Mass flow rate, lbm/hr

Coordinate, ft

Angle between V and outward drawn normal (1)
Thermal diffusivity, ftZ/nr

Condensate film thickness, ft

Density, lbm/ft3

Time, hr

Residence time of condensate film, hr

g - gas

1 - liquid

p - piston

o - outgoing stream
i - incoming stream
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I. STUDY OF RESIDUAL GAS MASS

A. EXPERIMENTAL APPARATUS

During the last period, a new tank was designed to extend the present pro-
gram of residual gas mass optimization. The new tank will also enable a more
accurate evaluation of the volume of vapor and the quantity of liquid nitrogen
present in a closed tank undergoing bulk boiling.

The new tank has been made from a 12-in.-ID, 6061-T6 aluminum pipe, ma-
chined to a wall thickness of 1/8 in. This design is shown in Fig. 3. The
stainless-steel guide rods have been moved from their previous position to the
center of the tank. This offsets the effect of contraction of the styrofoam
owing to changes in temperature from room temperature to -320°F. Such contrac-
tion caused binding between the piston and its guides. To represent the two-
phase system accurately, careful consideration will be given to the determina-
tion of the optimum piston design. This new system has been constructed to ac-
commodate the several piston designs contemplated. The previous system could
not attain this versatility because of the permanent installation of the thermo-
couple and slide wires.

To study the effect of a variation in heat flux on the above programs, the
tank will be wound with a nickel-copper alloy resistance heating wire called
Midohm. A thermally insulating Jjacket will then cover the tank and heating wire
to minimize the heat transfer with the ambient while operating. This wire will
be wound in sections so that specified portions of the tank may be heated in-
dependently. Such a design will enable vapor-liquid holdup to be measured as a
function of liquid fill.

B. ANALYSIS OF INTERFACTIAL INTERACTION

1. Introduction.—Previous experimental runs have been made to determine
the influence of the inlet temperature of the pressurizing gas on the quantity
of that gas remaining in the gas space when tank discharge is complete. Two
types of pressurize-discharge systems have been used: (1) direct contact be-
tween pressurizing gas (Ns) and liquid (Nz) and (2) a system utilizing an in-
sulating floating piston separating the gas and liquid phase. Experimental re-
sults on both systems have been reported in Progress Report No. 9, Fig. 5, Prog-
ress Report No. 10, Fig. 3, and Progress Report No. 14, Fig. 1. 1In general,
the results both with and without an insulating interface have been equivalent.




The interaction between the pressurizing gas and the liquid interface has
been analyzed and reported in Progress Report No. 9. Experimental measurements
are reported in Progress Report No. 8. These results show that, upon pressuri-
zation for the direct contact gas-liquid system, the interfacial temperature in-
creases immediately to the saturation temperature corresponding to the new (pres-
surization) pressure, and that such a condition exists throughout the 2-min dis-
charge period. This indicates that condensation of the pressurizing gas is oc-
curring at the gas-liquid interface. The quantity of gas condensed in the 2-min
interval was computed and appears to be of the order of 0.1 lbm/ft2 of inter-
facial area. This computation was made from a theoretical analysis of the tran-
sient temperature distribution in the liquid in the region of the interface.

For the system in which an insulating (styrofcam) piston is placed on top
of the liquid, separating it from the pressurizing gas, a somewhat different
condition prevails. Owing to the different physical properties of the styra-
foam interface (k, p and cp), a film of condensate builds up immediately fol-
lowing pressurization but subsequently re-evaporates because of heat transfer
with the pressurizing gas. During the time the condensate film is on the in-
terface, the interfacial temperature is approximately the saturation tempera-
ture corresponding to the existing pressure. However, upon removal of this film
by re-evaporation, the interfacial temperature undergoes a transient increase
resulting from continued heat-flow interaction with the gas.

Hence, to investigate the nature of the heat-flow interaction between this
type of interface and the gas so that a comparison may be made with that of the
direct contact system, it is necessary first to estimate the residence time of
the condensate film. Such an analysis has been completed and is outlined below.
These results are, of course, general and apply to any type of an interface, in-
cluding that of the direct-contact liquid-vapor system. If the residence time
of the condensate film is less than the discharge time, the analysis of the to-
tal heat-flow interaction must also include an examination of the transient heat
flow between the gas and the solid following the re-evaporation of the initial
condensate film. In the general case this would require an analysis between a
gas and a composite solid (piston and supporting liquid) starting with a nonuni-
form initial condition. Such an analysis is probably most conveniently done by
numerical procedures for each special case. For the case of styrafoam, however,
it turns out that the residence time of the condensate film is a small fraction
of the discharge time, and the nonuniformity of temperature produced in the pis-
ton is not significant; therefore fairly exact calculations from continuous
theory can be made of its thermal response. This has been done here both for
numerical and analytical methods.

2. Analysis of Build-up and Re-evaporation of Condensate Layer During Tran-
sient Condensation.-—Prior to pressurization, the interface and all matter below
it is at a uniform temperature, corresponding to the saturation temperature at
the system pressure Jjust before pressurization. Upon pressurization, some of the
pressurizating gas condenses at the interface. In the case of the direct gas-
liquid system, it has been observed experimentally that this condensation process




causes the interfacial temperature to increase immediately to the saturation
temperature corresponding to the new (pressurization) pressure. Hence, in the
case of an interface consisting of another material (such as a piston), it will
be assumed that the interfacial temperature will do likewise and will remain
at the saturation temperature of the new pressure just as long as a condensate
film remains on the interface.

The system analyzed is shown in the following sketch.
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A "control surface"l is rlaced so as to completely enclose the condensate
film which is experiencing a transient growth owing to heat, work, and mass
transfer with the pressurizing gas at one of its interfaces and a heat transfer
with the piston at its other interface.

For transient conditions, energy and mass relationships may be expressed
from the First Law of Thermodynamics and the Law of Conservation of Mass as the
following two rate equations:

1st Law
)
— edm + eV cos WdA = - P
aofv &p q - Py (1)
Conservation of Mass
3
-—= dm + V cos = 0
fv on cos QdA (2)



The integrals in Egs. (1) and (2) are over the volume and area, respectively,

of the control surface. In Eq. (1), the term q is the net heat-transfer rate

to and from the control surface and Px is the net work-flow rate between the
control surface and the gas. This latter term arises because vapor is flowing
into or out of the control surface and also because the condensate layer is
changing its volume, both of which give rise to instantaneous work effects.

The various terms of Egs. (1) and (2) will be evaluated for an area A of the in-
terface. In Eq. (1),

Py = +pA <§§§ + fvaporpvpv cos OdA
0%
+PLVLDLA ga + (pv)g (WO_Wi)g (3)
and
a = hgA(tg-t¥) +kpA< ) (%)
x=0
Now,
]ApeV cos QdA = (wo-wi)geg
= (Wo"Wi)gug (5)
and
o )
'a% fV edm = S (urprAd) = Aurper, g} (6)

Hence, Eq. (1) may be written

i, () + s = Tl a2, - (2

- (wg=wi ) g(DV) g (7)

or
g% orhy + (wg-vwy = th(t -t%) +kpA< ) (8)

Now, from the conservation of mass, Eq. (2),

~

Wy - Wy = -pLA %) (9



Thus, Eq. (8) is written
-Pr, gg) (hg-hy) = hg(tg-t*) + k$)<§§§% (10)

or, rewriting in terms of total differentials and making the following definitions

h-hy, = B, (11)
.éf) = 1.(6), (12)
aXo
Eq. (0) may be written in integral form as
hg(tg-t* | 0
s - . heltegt) o Ky [ ra(e)ae (13)

Prhrg eLhfg

The problem which remains is to find an expression for fé(@). In the case of
this type of a transient, which is assumed to start with a sudden increase in
surface temperature from tL to t¥ the function of fé(@) may be taken as that
transient temperature gradient in a homogeneous semi-infinite solid having a
sudden increase in surface temperature. This is given by Carslaw and Jaeger2
as follows, and will be a reasonable description of this event providing that,
during the total discharge time 9, the temperature at the piston-liquid inter-
face remains relatively unchanged. Hence

x2
dt A vy
) = () = — D (14)
<8x ( VnobO ©
where
. K
% = e
Thus at X = O
tr -t¥
JIBbo
and
e tr-t* © -
[ os(e)ae = L g9 2t g/ (15)

091/2 = \]—ﬂ?“-; '



With this result Eq. (13) becomes

* — T —t¥*
= 2t tL) \’kpcp@ - E&SE&.E_Z fa) (16)
J;—pthg pthg

It will be observed in Eq. (16) that both (t*-t;) z O and (tg—t*) 2 0. Thus
Eq. (16) describes the build-up or transient growth of a condensate film which
either grows continuously from zero to finite thickness within finite time
(tg—t* = 0), or does not exist at all (t*-t; = O and tg-t*¥ = 0), or which grows
during some initial time to a maximum thickness and then through re-evaporation
diminishes to zero again (tg-t*,> 0 and t*-ty, > 0). The magnitude of the maxi-
mum thickness and the time at which it occurs depends on the magnitude of t*-tr,
tg-t* and the other parameters in Eq. (16).

For the purposes of this study, it is of primary interest to determine the
time 6% at which the film has completely re-evaporated. Subsequent to this time
this piston and the pressurizing gas interact in a transient heat-flow process
without a liquid film of condensate between them. This time 6% may be found as
the solution of Eq. (16) for & = O.

ox = 0
and
o - 1 (kocplp <?*'f£f (17)
i hg?  \bg-t,

Equation (17) indicates the significant parameters influencing the dura-
tion of the residence of a condensate film on an interface. For the purpose of
optimization of pressurizing-discharge process, it is desirable that ©* be as
small as possible. It is of interest to note that Eq. (17) discloses a new
thermal property of materials which is useful in discriminating between various
materials to be selected for separating the liquid from the pressurizing gas
during transient processes. This property is kpc. . It is new in that it is a
different property from those frequently employed to select materials for in-
sulating purposes. In steady-state processes the property k is used to select
insulating substances; in transient distributed systems the governing thermal
property is k/pcp; in transient lumped systems it is pcps For processes such
as those being investigated here, a short-duration residence time to a tran-
sient condensate film, the important thermal property of the interface is kpcp.
Following the disappearance of the condensate film the significant thermal
property of the interfacial material will be k/pcp, as will be shown.

For purposes of comparison the values of kpcp of several substances are
given below.



Substance (kocp)1083, (Btu/hr-F-ft2)2hr

Aluminum (70°F) 3,000,000
Cork (100°F) 56
Fiberglas (70°F) 29
Nitrogen (liquid - 320°F) 2,310
Styrofoam (L40°F) 9
Water (Liquid, 70°F) 24,920

As can be observed from this tabulation, styrofoam, the material selected for
the floating piston, is far superior to the others listed insofar as minimum
residence time of the condensate film is concerned. The residence time of the
condensate layer on a liquid nitrogen surface is approximately 260 times longer
than that on a styrofoam surface. For conditions corresponding tO’tg= - 220°F,
t1, = - 320°F, t*¥ = - 300°F, h = 2 Btu/hr-ft2-F, the residence time 6% is found
to be as follows for a styrofoam and liquid nitrogen surfaceé:

6%, seconds Discharge time, seconds
Styraofoam 0.65 124,2
Liquid Nitrogen 169 124.2

Thus it may be estimated that the residence time 6% is negligibly small for
a styrofoam surface compared with the 125-sec discharge time.

Subsequent to 6% the pressurizing gas and the interface continue to inter-
act in a transient heat-transfer process, with the interfacial temperature in-
creasing and approaching tg. The interior of the piston also experiences tran-
sient changes in temperature.

Computations of these transient temperatures have been made and the results
are shown in Figs. 1 and 2 for gas temperatures of -120 and -220°F. In view of
the negligibly small time ©%, the results have been made assuming the gas to in-
crease suddenly in temperature from a uniform initial condition and to exchange
heat with the piston interface through a coefficient of heat transfer, Hg. Two
types of analysis have been made: (1) a numerical finite difference calculation
of the transient temperature distribution in the piston,3 assuming the liquid
interface to be adiabatic, and (2) a mathematical calculation, assuming the pis-
ton to be a semi-infinite sokid, exchanging heat with a gas through a coeffi-
cient of heat transfer, hg. The results from both types of calculations are
essentially the same, as shown in Fig. 1. Both Figs. 1 and 2 show the influence
of various values of the heat-transfer coefficient Eg, which between the antici-
pated values of 2.2 and 4 Btu/hr—ftz-F is not particularly significant.

Of importance in these results is the relatively large increase in surface
temperature of the piston during the 124.2-sec discharge time. This is indica-
tive of a greatly reduced heat transfer between the gas and the piston as com-
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pared with that of a direct contact gas-liquid system having a liquid nitrogen
interface, as in this latter system the interface remains at -300°F during the
discharge pericd. This reduced heat transfer then acts to preserve lower gas
density in the gas space and consequently a reduced residual mass in proportion
to the importance of gas-piston heat flow to the total heat flow from the gas.

C. BUBBLE DYNAMICS IN A PRESSURIZED LIQUID

Initial studies into this problem have been started. A literature search
has been begun and 1s continuing. Included in contemplated analyses 1s the
bubble collapse or growth times and the bubble velocity and acceleration in a
pressurized, sub-cooled liquid as a function cf bubble size.

D. TRANSIENT FREE CONVECTION IN A LIQUID

Work has been initiated to continue and extend the investigation of Dr.
S. K. Fenster, which was reported in Technical Report No. 1. This will involve
a theoretical and experimental investigation of transient free convection
processes in a closed container, including any special effects of a bottom cor-
ner.

E. WORK DURING THE NEXT PERIOD

The above analysis will be extended to include a calculation of the total
quantity of heat transferred to the piston face from the gas. The results will
then be compared with the heat quantity transferred to the liquid nitrogen in-
terface and their relative influence on residual gas mass obtained.

In addition, an analysis will be made of the total heat transferred between
the pressurizing gas and all the inside surfaces of the container it wets, in-
cluding the face of the receding piston. This analysis will include the effect
of the continuous exposing of new cold surface as the piston (or interface) re-
treats from its initial position at the start of discharge. The consequence of
this heat transfer on the final mass of residual gas will, of course, be the
object of this study. Several configurations will be studied. An interesting
configuration, which is suggested by this study, is one in which all exposed sur-
faces are made of styrofoam or similar insulating type of material. Such a
system should result in a minimum heat transfer between the pressurizing gas and
the container walls and should, therefore, have also the minimum residual gas
mass. This final mass in such a system would include, of course, the mass of
the insulation in addition to that of the residual gas. However, it seems pos-
sible that even the total final mass could be of a magnitude less than the re-
sidual gas mass in an uninsulated container. An approximate representation of
this is shown by the following equation:



me _ Pea(, _BY , P (1 (18)

mi Pgy Do/ Pg1\Po
where
mp = residual mass including insulation and gas
my = residual mass of gas in uninsulated container
o} = thickness of insulation
Dy = outside diameter of container
Pg = density of insulation
Pgy = density of gas in uninsulated container
Pge = density of gas in insulated container

For conditions corresponding to an inlet temperature of L4L60°R(0°F), the
residual gas mass density from experimental results on an uninsulated contain-
er (Progress Report No. 9, Fig. 5), and using styrofoam as the insulating ma-
terial of thickness o of 1 in. in a container having Do of 72 in., the ratio
mp/myis computed to be 0.629, or a reduction in residual mass (total) of about
37%. This estimate is doubtless high, but a 15-20% reduction may be possible
with this type of system.

The design and construction of the experimental apparatus for the study of
liquid-vapor hold-up will continue. This equipment will consist of an electri-
cally heated insulated tank capable of pressurization and instrumented to measure
liquid, gas, and wall temperatures.

II. STUDY OF POOL BOILING IN AN ACCELERATING SYSTEM

A. CURRENT STATUS OF THE WORK

During the past reporting period, after the heater had been repaired, a to-
tal of 10 test runs were made. Of these tests, 5 were discounted because one
or more of the following conditions existed.:

(1) Boiling was not taking place to a saturated liquid (i.e., the liquid
became subcooled). Since the degree of subcooling was not controlled, a variable
is introduced which is beyond the scope of the present study.

(2) The resistivity of the water in the test vessel dropped below 900,000
Q-cm after the test, indicating contamination.

(3) Discolorations or spots existed on the heating surface after the test,
where contaminants in the water had been deposited at the active boiling sites.



(4) The value of T, 17-Tggt,s With the system subjected to gravitational
acceleration only, did not remain stable during the test period, from 10 to 12
hr.

In general, conditions (2), (3), and (4) existed simultaneously in any one
test.

In addition, two tests run under presumably identical conditions were dis-
carded because of nonreproducibility. A flow guide (MK-1) was placed over the
heater with the intention of changing the configuration from a circular heated
section surrounded by an unheated section to a circular heated section isolated
from the unheated section. The flow guide (MK-1) consists of a stainless-steel
cylindrical shell with a diameter slightly larger than the diameter of the heat-
er, with lB-l/h-in.-diameter holes in the shell. The purpose of the holes was
to equalize the water level inside and outside the flow guide. However, at this
time they are not believed necessary. In the above two tests, care was not
taken in placing the holes in the same position relative to the rotational di-
rection and it is believed that the nonreproducibility resulted from different
cross currents produced by the Coriolis effect on the flow pattern. A new flow
guide (MK-2) was made which contained no holes.

Of the three remaining tests; two were run at the same value of heat flux,
one with the flow guide and one without. The third test was run at a lower
value of heat flux with the flow guide. The results are plotted in Fig. L as
the wall temperature Ty minus the saturation temperature Tggt,; at the heating
surface versus total acceleration at the heating surface. Included also are the
results for q/A = 100,000 Btu/hr - ft2 reported in Progress Report No. 13, ex-
cept that the data are plotted as Ty - Tggat, instead of the change in Ty - Tggt.
between the accelerating and nonaccelerating conditions.

The trend with increasing flux at the higher accelerations should be noted.
It is postulated to be due toc the decreasing contribution of convection at the
higher fluxes, since the nucleating sites cover a greater portion of the heating
surface. This aspect will be discussed in greater detail at a future date when
more data are available.

Subsequent to the above series of tests, the heater failed again, due again
to a breakdown of the mica insulation at a point where the heater ribbon and
mica emerge from a slot and make a 90° bend. The heater block was redesigned
(designated MK-2) with the following significant changes:

(1) The slots are wider and deeper, enabling the use of thicker mica in-
sulation.

(2) The number of slots was increased 50% and the diameter of that portion
" of the block containing the slots was increased, which results in a lower value
of heat flux from the heater ribbon to the copper block for a given heat flux

at the boiling surface. This change should also result in a higher possible heat
flux at the boiling surface.

10



(3) The width of the shoulder on the copper block at the sides where the
heater ribbons emerge from the slot was increased; eliminating the necessity of
making a 90° bend in the mica insulation. This appears to have been the major
weakness in the previous design.

While the redesignred heater is being fabricated; the o0ld heater was repaired
and two convection tests were made at g/A = 5,000 Btu/hr - £t2 and q/A = 10,000
Btu/hr - ft2 with the flow guide MK-2 installed. The data have not yet been com-
pletely reduced and will be reported during the next period.

B. WCRK DURING THE NEXT PERIOD

Repeats of tests with saturated boiling will be made at heat fluxes of
10,000, 25,000, and 100,000 Btu/hr - £t® both with and without the flow guide.,
Also, tests will be made at q/A = 50,000 or 75,000 Btu/hr - ft2. An attempt
will then be made to reach a gq/A = 150,000 or 200,000 Btu/hr-ft2 to make this
particular phase of the investigation as complete as possible.

REFERENCES

1. Hunsaker, J. C., and Richtmire, B. G.; Fluid Mechanics, McGraw-Hill Book
Co., New York, 1947.
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Fig. 3. New Design of Apparatus to Measure Mass of Residual Gas and Liquid-Vapor Fractions

PRESSURIZING INLET ‘ VENT

2" STAINLESS STEEL
THIN WALL TUBES

12"1.0. ALUMINUM PIPE
6061-T6
WALL THICKNESS % INCH

2"THICK STYRAFORM
PISTON 12"DIA.

PISTON LEVEL - : THERMOCOUPLES
INDICATOR

CONTACT WIRES T

DISCHARGE LINE



i

L
iﬁ 7_'-1"
|
oot

r-
r=

}7:,

[Ty

‘e

!

&..
!

2405t E[Thart ]

. o i - —] -
: |~ = ! L )
“ bk | g a & P
O/N.C M “ SRR : SRS .”...zw RS DTN BRSO B5
.|» ..... -1 g, ~ 1 NS S = vm [REDY SR N
ol . . A ] T ! o .
: S R 1 N “mw s AR S S B SRS I LY
ST HE = B TS T TS
@/w R W : o e R V| R RS B : e
- HENE o : N B A gt BN S
. =~ . : Y4 R ¢ HR ol T
__/ o N \\ : \ - «.Hr Tmn \\ AM
! vy 1o ke VA NEE BF Su SENINE B *S B sodl i S i NEEEE DR N s B RS i
) ” MWMN i L.A.ww tm\,”. \M..TW > SN “\...HJ n133
, i 3 EEUES IVC0 RERS EES RS FERSY BEN EEEY EERES EEEES NG = FEEaN B [N St SR R SEERE EEES S S
w\ ma.. R . \ s \ : P /r./ Y AR B e I
/ 7 R S B T e B o

lo

16

i

Z.
o1 7'.5
-
14

D S

§ ‘% e

| e
i i
. .

KorMA
£

. '@'?V
(O] &\\
A

o

SUIR FAC

5.0

ERATIO
" QM . - T
“SeepepeE .| ||

|- -
4

Acked
AT N
e | I —

THE! HE

e

[#Mpi¢aTE.

o
i
!

'z

TaTAlL

+

NOTE 3| ndm

[, .r_._..-’

i

BERERES

RS S, T ——

x5l
yind
1L

kS

b
f §-+3
. o
i 7 Fn
7>‘ T - nrv
. ; Cd
]
ol
b 25
8702
2‘
-4
1
']g.kt‘l1
-*-"

ey SR ISR

30
~28
£8

(PR
. [
1

.y
A

Al
5

|
. - . : ; |

i H ! | . H H
! ' i !

’

qs

STANDARD

TOTAL ACCELERATION -



(NTam,
3 8 5222

9015 0282



