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SUMMARY

An analytical and experimental investigation was made to determine
the film growth during the initial regimes of transient film beiling from
a horizontal wire for Freon 113 and carbon tetrachloride. Typical ex-
perimental results from two previous theses for water were also analyti-
cally considered. All experimental tests were run at atmospheric
pressure.

A horizontal, electrically heated platinum wire 0.010 inches in
diameter was used in the experimental investigation. This wire was
subjected to an approximate step change in temperature by a rapid dis-
charge of energy from an electrical capacitor. The resulting wire
temperature history was essentially constant for the time pericd consid-
ered in this investigation.

The analytical model considered convection heat transfer to the
liquid pool fram the cylindrical vapor=liquid interface. The coefficient
of convective heat transfer from the vapor-liguid interface to the liguid
phase was taken to be of the same form as that of the stagnation point at
a cylinder in Torced transverse flow. The interface temperature was the
saturation temperature of the liquid and the transverse flow velocity
ieg taken to be the growth velocity of the vapor {ilm. Constant wire
temperature was assumed and heat transfer through the vapor phase was due
to radiation and conduction. The solution to the energy equation in the
vapor phase gave the temperature distribution in the vapor as a function

2
; ;s ; T N —
of the first-order exponential integral, El (- Harg). A1l radiation
v



pary

from the wire was found to pass through the vapor and to be absorbed in
depth within the liquid phase. An enevrgy balance at the vapcr-liquid
interface was obtalned by applying the solution for the vapor phase,
convecktlion to the liquid, and the energy required to wvaporlze the

liguid at the interface. The transcendental equation obtained by this
energy balance provided an initial value problem the sclution of which
yielded the vapor-liquid interface radius as a function of time. This
equation was solved for all representative runs of this investigation

by means of Runge-Kutta integration on a Burrocughs 5500 diglital computer.

A total of eighteen transient bolling experiments were conducted
with pool temperatures ranging from gsaturation conditions to fifteen
degrees of subcoocling.

The investigation was carried cut using Freon 113 and caxbon
tetrachloride as the experimental fluids. A test run was alse made using
distilled water to compare with results given by previous investigators.
The transient film growth was recorded by means of high speed motion
pictures.

The motion picture data were reduced to yileld vapor growth rates.
Volume mean radii were computed from these data and are presented as a
function of time for eleven represgentative runs. The analytical model
was solved for each of these runs and compared to the experimental
results.

Heat transfer rates through the vapor by conduction and into the
liquid by convection are presented as a function of time for selected

test runs for each fluid analyzed.



CHAPTER T

INTHCDLUCTICN

At the present time there is interest at the Georgia Institute of
Technology in the possibility of creating small volume periodic fluid
flows by means of Lransient film boiling. This flow could conceivably be
obtained by an electrical energy digcharge into a small-diameter wire
that 1s locabted within a small, partially confined space with a liquid
in contact with the wire surface. With each discharge of energy a
gmall volume of vapor would be formed and this in turn could displace a
slightly smaller volume of liquid from the partially confining space.

An example of thisg phenomenon may be found in Reference 1. In order to
gain more insight into the phenomenon encountered during this transient

period the present investigation was carried out.

Related Literature

A discugsion of the related literabure, prior to the work of
FPitts (2), may be found in Chapter T of Reference 2.

Pitts {2) obtained experimental values of vapor growth rates for
transient film boiling and compared these wilth a theoretical solution.
His experiment and theory were limited to saturated water, and radiation
effects were neglected.

Yen (3) studied the film formation for the subcooled liquid case.
His experiments indicated a definite reduction in final film thickness

with inecreased subcooling of the liquid pool. Again, water was the



ligquid under investigation, and radiation effects were ignored.

Richards (1) was concerned with the axial flow of the vapor film
that resulted from transient film boiling in a horizontal annulus filled
with saturated liguid. He obtained experimental data for vapor growth
rates under the stated conditione and compared these with his theoretical
computer sclution. Water was the liquid under investigation, and radi-
ation effects were ignored.

Thus, prior to the present research there appears to be no
published results of experimental studies for liquids other than water
nor theoretical studies of the effects of radiation on the transient
film beiling.

An excellent historical background discussion may be found in

Chapter I of Reference 2.

Purpose of this Research

This research is an investigation of the initial period of tran-
glent film boiling of carbon tetrachloride and Freon 113 on a submerged
horizontal cylindrical surface. The primary objectives were to obtain
experimental dafta for the vapor film formation around the cylindrical
surface and to develop an analytical model which will serve to predict

the initial vapor growth rate and the heat transfer.



CHAPTER IT

ANALYSTS

The Analytical Model

Consider a horizental cylindrical wire submerged in a liquid pool
and initially in thermal equillibrium with the liguid as shown in Figure 1.
The wire 1s then subjected to a sudden step change in temperature which
is gufficiently large to result in film boiling. Some initial radius,
Ro’ is reached by the vapor film in a time that is short compared to the
total transient time. This uniform wvapor film is analyzed as it contin-
ues to grow with time. The initial temperature of the vapor is assumed
to be equal to that of the saturation temperature of the liquid at the
system pressure, which i1s one atmesphere for this investigation. The
film is considered to be cylindrical, with no axial variation in thick-
ness. The wire temperature is congidered to be constant with negliglble
axial or radial varialtion. As shown in Appendix C these approximations
seem to be reasonable.

Heat transfer through the vapor is by conduction, convection, and
radiation. It is shown in Appendix A that the vapor film is optically
thin and thus absorbs and emits radiation negligibly due to its low
extinction coefficient.

In Appendix C the convective heat transfer effect within the
vapor phase 1s shirvm to be negligible when compared to the conductive

heat transfer.



VAPOR-LTQUID INTERFACE

g, = transferred by conduction
q2 - transferred by radiation
qB - transferred by convection

Q, - heat of wvaporization

Figure 1. Physical Model of Transient Film Boillng from g
Cylindrical Surface.
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Heat transfer to the liquid from the vapor-liquid interface is
approximated by the formula for the heat transfer cocefficient at the
stagnation point of a solid cylinder in forced transverse flow. This
approximation is somewhat arbitrary but was used because the flow field
relative to and around the vapor cylinder resembles locally the stag-
nation conditions at a cylinder. It is recognized, however, that it
is a transient process and the Reynolds number does depend on time.

The pressure variation within the wvapor and the buocyancy force
on the vapor are shown to be negligible in Appendix B. The temperature
of the liguid at the vapor-liguild interface varies negligibly from
that of the saturation temperature of the liguid as is alsc shown in
Appendix B.

The temperature distributicn within the vapor phase will now
be determined for the case of negligible convective effects. Next the
convective model for heat transfer from the vapor-liquid interface
into the liguid phase will be presented. Use of these two effects along
with an energy balance at the vapor-liguid interface will provide an

initial value problem that describes the wvapor film growth rate.

Temperature Distribution Within the Vapor Phase

As given by Fquation (B.8) of Appendix B the energy equation

within the wvapor phase is

a7 a T L af
56 -%, (&5 *% ) =0 (2.1)

ar



The initial condition is

». 0 = | < R
T(_, ) T I‘w r =

BAT

and the boundary conditions are

and
T(R,8) = T ’ g >

SAT

Under the similarity transformation

the temperature becomes a function of T alone

2= (1)
and Equation (2.1) reduces to
dgm 1y 4T
aly
2'1" (2ﬂ+-ﬁ-)ﬁ- = 0.

(2.2)

(2.3)

(2.k4)

(2.5)

(2.6)

(2.7)



Equation (2.7) is subject to the boundary conditions

T
T(M)=T (—2——) =T (2.8)
w ?f'&—vg— W
and
T (M) =T (—=—) = L — (2.9)
2./cxv§
After introducing
aT
o == (2.10)
Equation (2.7) becomes this first-order differential equation
ad 1
_ + =) & =0 :
il (2 M ﬂ) (2.11)
whose integral is
M2
C 5,18
¢ = .
C; = (2.1
This yields the temperature gradient
ﬂqg
Al =g E (2.13)



Multiplication and division of Equation (2.13) by T gives

an (2.14)

where C, = cl/z.
Integration of Equation (2.14) using the boundary condition of

Equation (2.8), yields

or
o E_Z [2.0] e_z
R S al e : |z . (2.106)

Noting that the first-order exponential integral, El(x), is defined as

; -z
E, (x)=:I. 5~ & (2.17)

Equation (2.16) becomes



B = TW - 02 [El (ﬂwg) - El (Tg)]° (2'18)

Now use the other boundary condition, Equation (2.9), with Equation

(2.18) to obtain

- 2
- == | - R [
Toar = T = %2 [El () - By (g )] (@19)

so that

G |
¢, = DAL T — (2.20)
E, ()-8 (M)

Substitution of Egquation (2.20) into Eguation (2.18) yields

r2 i "
(Tgap - T,) [El (o) - & (E&wé)]
T =T ¥ 5 £ 2,21
L 2 r
B (gw) - B (g
WV R

which 1s the temperature distribution in the vapor phase.
To show that Eguation (2.21) is a solution to Equations (2.1)
through (2.4) consider first Equations (2.1) and (2.2). Recognize that

as 8@ - 0, x approaches infinity. TFor large values of x, El (x) approaches
=36
=

Thus for 8 = O
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l'& 4 = ._ L + byl - ) : .22
e =y Ty (Tgpp = T = (2.22)
v
e _ e
52
Ly ©
L v -
[ . m 2 )
e s
Ly 6
e S o 1
2 2
r i
=1limd{ T + (" - T " LA g,
om0 | ¥ (oag - %) I 1 =)
) ’- (R g )
L'l .
e _ 1
2 2
R o
- W
L
2
4
W
i m = m - =i )
é:% ERE W (LsﬂT Tw) =y Tapmp (2.24)
(45 )
r .
W
for all r < s R
[}
From Equation (2.23) it is seen that for r = r
LT e Do (TSM - TW) x 0=1T. (2.25)

-0

A
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Equation (2.3) is satisfied because at r = r o 8 >0

el (T - TW) 0 =T ; (2.26)

SAT W

Equation (2.4) is also satisfied because for r =R, 8 > 0

= 4 a AT —— 5 il
Tal, t @ E) 5L e T (2.27)
Thus it has been shown that Equation (2.21) is a solution for the temper-
ature distribution in the cylinder, based on the proposed model.

Partial differentiation of Eguation (2.21) with respect to r

yields
2
- 444
Loy ®
-
ar _ Taar L) -2e " (2.28)
ar 2 T ’ )

2 r
5 (g - E (G

This result is used in Equation (2.35) to represent the conductive heat

flux arriving at the vapor-liguid interface.

Convecticn Energy Transfer Within the Liguid Phase

The convective heat transfer coefficient from the vapor cylinder
to the ligquid phase i1s taken as that of the stagnation point of a cylinder

in forced transverse flow and is computed from the Nusselt number



where n, m, and ¢ may tentatively be taken from Jacob (4) to be

A= 0.5 (2.30)

m = 0.31 (2.31)
and

¢ =1.20 (2.32)

and where Ke and Pr represent, respectively, the Reynolds and Prandtl

numbers .

The above wvalue of ¢ will be varied in the numerical soluticn for
the wapor film growth rate to see if bettler agreement between theory and

experiment may be obtained. The velocity of the interface 1is given by

i (2.33)

Substitution of Equations (2.30), (2.31), (2.32), and (2.33) into

Egquation (2.29) gives

0.5
dak
h 2R — ZR
__:ZL = 1.20 _Ee_._.._ Dy 0.31 (2_3}4)
k W £m
by Lm

which is an expression for the convective heat transfer coefficient, h, ,

£m
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in terms of fluid properties, vapor film radius, and vapor film velocity.

Energy Balance at the Vapor-Liquid Interface

As given by Equation (D.12) of Appendix D, the energy balance is

_ 5 aT
pv }Jf_!f Ro= kv ar hfm (T

=k

s = (2.35)

Substitution of Equations (2.28) and (2.34) into Equation (2.35) gives

- R
T ©
(7 T ) v 0.60 k
g H A = v SAT W 2 oe £m "
v fg o : R R
R™ "
.
1(58) - Bilgge)
Y v
- - 4
VEE _VRIE ﬁmo 3 (B = D (2.36)
V'Y
£m
Multiplication of Equation (2.36) by R yields
2
- R
. 2 k(T T)e 90
3 v SAT W
p. h, RR =
v T fg A =
R™ rw
060k, pr, O3 (v -m) Jer /R
i I T A SAT e (2.37)



Equation (2.37), subject to the initial condition

constitutes an initial value problem the sclution of which should yleld

the wvapor-liguid interface radius as a function of time.

1k



CHAPTER TITII
NUMERICAL SOLUTION

A Burroughs B-5500 digital computer was used to solve Equation
(2.37) by means of Runge-Kutta integration. The program was written
in FORTRAN and is listed in Appendix H.

The camputer program is composed of five parts: A main part
designated MATN TFBHT, an integration subroutine designated RKS, a
conbrol subroutine designated CNIRL, a2 derivative subroutine designated

DERIV, and a function routine designated E1(X).

MATIN TFBHT

This part serves to accept physical property values and equation
constants for the derivalive subroutine; absolute and relative allowable
errors for the integration subroutine; and run number, initial time
(TSTART), initial vapor film radius (RAD), and the cutoff time (TEND)
for MAIN TFBHT. All input data units are in terms of °F, in, sec, 1o ,
and Btu or else are dimensionless. The information received from the
data cards is then printed out for a later reference. Initialization

ig then carried out for Jl, J2, T, DEL, IFVD, IBKP, NTRY, IERR, and N,

where,
J1 = "counter" integer used in control subroutine,
J2 = "counter" integer used in control subroutine,
7 = initial value of time (zero for this analysis),

DEL = initial increment of time to be used by integration



subroutine,
IFVD = O for variable interval integration,
= 1 for fixed interval integration,
IBKP = 0 allows integration subroutine to cut interval
once and then repeat integration (with IFVD = 0),
= 1 allows integration subroutine to cut interval as
required,
NTHY = 1 causes return from control to integraticn subroutine

for further integration,
= 2 causes return from integration subroutine to MAIN TFBHT,
= 3 causes return to integration subroutine with new value
of interval (DEL),
= U4 causes restart of integration process,
IERR = O for normal integration,
= -1 when the interval value (DEL) becomes equal to zero
and thus causes a return to MATN TFBHT from the integration
subroutine,
= 1 when the absolute error, A(1), plus the product of the
relative error, R(1), times the absolute value of the
variable being integrated, Y(1), equals zero. This causes
a return to MAIN TFBHT from the integration subroutine,
and
N = the number of differential equations being integrabted.
Calculation of the total interval of integration (TEND-TSTART) is
then made and divided into twenty egual intervals. These intervals are

labeled TWRITE. The interval TWRITE is then divided into twenty equal
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intervals. These intervals are labeled ZWRITE. The interval ZWRITE is
used in the control subroutine fto cause the bubble growth ocutput to be
printed twenty times in egual time intervals in the first period of
rapid growth or decay during the first five per cent of the total time
period of integration. The interval TWRITE is then used to cause the
bubble growth output to be printed after each succeeding five per cent
of the total time period of integration. A multiplication facter, QMUL,
is caleculated which facilitates conversion from (ingsec)_l to (ft2 hr)_l
in the derivative subroutine.

After printing of the necessary title for the tabulated bubble
growth history the integration subroutine is called. The integration
gubroutine completes the integration process and then returns to MAIN
TFBHT. Since the bubble interface velocity had been stored, in DR(LO),
at the end of each subinterval of calculation the acceleration can be
calculated for the bubble interface. The acceleration is necessary to
estimate the vapor pressure in the vapor film (see Appendix B). Values
of time, interface velocity, and interface acceleration are printed at
TETART and at the end of each subinterval of integration until TEND is
reached.

It should be noted that since the analysis of Chapter II started
with a vapor film of finite size at T = O, the integration process has
been started at T = 0 for time egual to TSTART and Y(l) = RAD. Thus all
values of T must be added to TSTART to cobtain actual walues of time
which may be compared to experimentally determined values of time. This
shifting of the zero of time is contained within the camputer program so

that all printed values of time correspond directly to experimental values.
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SUBROUTINE RKS

The integration subroutine, designated by SUBROUTINE RKS, is a
fourth-order Runge-Kutta integration and communicates with SUBROUTINE
DERIV and SUBROUTINE CNTRL. It integrates over the interval of interest
with variable step size which is selected, after Simpson integration, to

produce limited absoclute and relative errors.

SUBROUTINE CNTRL

The control subroutine, designated by SUBROUTINE CNTRL, controls
output of the numerically calculated variables and termination of the
integration procedure. It is entered after every integration step from
the integration subroutine as well as after the initlal conditions are
given. This subroutine causes the print-out of the initial wvalues of
time, vapor film radius, vapor film velceity, conductilon heat flux
through the vapor into the interface, and convective heat flux into the
liquid from the interface. These variables are subsequently printed at
the end of each integration subinterval of time for the complete integra-
tion process. The subintervals have the value of ZWRITE for the first
twenty integration steps and the value TWRITE for the next nineteen
integration steps. The last of the nineteen steps is calculated to end
Just at time equal to TEND. After the integration has been carried out
over the complete time interval, NTRY is set equal to 2 and thus a

return to MAIN TFBHT is made.

SUBRCUTINE DERTIV

The derivative subroutine, designated by SUBROUTINE DERIV,
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contains the expression for the differential eguation in the form
dYy/aT = £ (Y, T, VARIABLES). In this subroutine DY(1) = dY¥/dT. There
is direct communication between DERIV and RKS in that DERIV is supplied

current values of ¥(1) and T and then computes DY(1l) for return to RKS.

ROUTINE EI1(X)

The function routine, designated by FUNCTION EL1(X), is used by
the derivative subroutine for calculation of the first-order exponential

integral.

INPUT DATA
The following data are read from three input cards.
RHCV = mean vapor film density
EXPPRN = exponent for Prandtl aumber in Nusselt number

relationship

CONDV = mean vapor Tilm thermal conductivity
DIFFV = mean vapor film thermal diffusivity
RWALL = wire radius

CONDLM = mean liquid thermal conductivity
TVISLM = mean liquid kinematic viscosity

THEG = heat of vaporization of ligquid

TEND time at end of transient period

TEAT = saturation temperature of ligquid at given
external pressure

TWALL = wire temperature

PRDTLM = mean Prandtl number of liguid

TT.1Q, = liquid pool temperature
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COEFOV = coefficient of Nusselt number relatlionship for
heat transfer to liquid

NWR = number of equal time sfeps in integration interval

A = ghsolute error allowed in single integration step

R = relative error allowed in single integration step

RAD = initial radius of wvapor film obtained experimentally

START = initial time at which first vapor film data were

obtained experimentally

RUITNO = run number belng integrated

The above data are read from dala cards tnat are arranged in the

ffollowing order.

RHOV
10

THFG
10

DATA CARD NO. 1, FORMAT (7E1O.4)
EXPPRY CONDV DIFFV RWALL CONDLM TVISLM
20 30 Lo 50 60 70
DATA CARD NO. 2, FORMAT (7F10.4, T10)
TEND TSAT TWALL PRDTLM TLIQ COEFOV  NWR
20 30 Ty 50 60 0] 80
DATA CARD NO. 3, FORMAT (4E10.L, 15)

R RAD TSTART RUNNO
20 30 4o 50

The numbers below the variable names indicate the column in which

the last digit of the variable shall appear on the data card. All vari~

able unit

sionless.

s are in terms of °F, in, sec, lbm, and Btu or else arye dimen-

A Dblock diagram of the input values necessary for the solution of
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Eguation (2.37) is shown in Figure 2.

All of the physical preoperties of the vaper were evaluated at the
mean temperature of the vapor. The physical pronerties necessary to
evaluate the heat transferred from the vapor-liquid interface to the
ligquid pocl were evaluated at the mean between saturation and pool
temperatures. Physical property data for Freon 113 were obtained from
References (5) through (10) and for carbon tetrachloride from References
(10) and (11). Physical property data for water were taken from
Kreitii (12) and from Keenan and Keyes (13).

A listing of the computer output may be found in Table 1.

As a resulf of the analytical model used, there is a short initial
fime interval during which the vapor film thickness decreases because of
the convective heal losses inbo the ligquid at the vapor-liquid interface
in the absence of a conductive heat supply from the vapor film whose
temperature has not yet responded to the large wire temperature. As may
be seen from Table 1 this phenomencn laste for approximately five per
cent of the transient film boiling period. The decrease in vapor film
gize 1s seen to be less than one per cent and is thus negligible during
this time Interval. This effect may be noted in Figures 13 thrbugh 29
where the initial vapor film radius stays essentially constant for a

short initial period of time.
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RUBBLE VELODCITY AND ACCELERATION

TTuk INTFACE vELODCITY INTFACE ACCELERATION

CSEED CIN/SEC) (IN/SEC=5Q)
«1228F=02 =,6407F 01 «4382L 06
«1250E~02 0. +1461Lt 06
1272F=n2 ¢ 2654E=13 «1238E=03
« 1294F=02 «5430F£=08 JU928E=01
+1316F=02 v2162E%05 «1659E 0%
21338E=02 WT277TE=04 +1633L 02
«134A0F"02 «7182E=03 «7B68E 02
»1382E=02 »3524£=02 «2367E 03
«1403E=0? +1119E=01 «5272E 03
«1425FE=02 «2665E=01 «9312€ 03
W1447F=02 «5203E=01 s1803E 04
v1459F~02 «BB19E=01 «1885E 04
.1401F~0? «1347E 00 «2331E 04
«1513F=02 «1904E 00 « 2709t 04
«I535E=02 «2535E 00 «3006E 04
+1557E=02 +3222E 00 v3219E 04
+1579E=02 »3947E 00 ¢ 3353E 04
«1601E=02 «4693E 00 + 3352k 04
«1623F*02 «5418E 00 23426k 04
«1645F=02 +6196E 00 «3452E 04
«16K7F=02 «6932E 00 «3258L 04
«2105€E=02 +1584F 01 +1097E 04
«2544F=02 e 1656E 01 +4376E 02
+2982E"07 «1582E€ 01 =-,2041E 03
v3421F=02 s 1477E 01 =.2366EL 03
«3860F=0N? «1375E 01 -,2195t 03
W8298F=02 «1284EF 01 -,1933E 03
WA4737€E~02 «1205€ 01 -,1683E 03
+5175F=0? +1136€ 01 -,1466E 03
+5614F~0? «1076E 01 -,1285E @3
+6053F=n? «1024EF 014 =-,1133E 03
«6491F=02 «97T0E 00 -, 1007E 03
+6930F=nN? +9353E 00 “.9003E 02
+7368E=02 «8980E 00 -,8103E 02
«TBO7F=02 +8643F 00 -,7336L 02
«B246F"0? +8336E 00 =-.6676L 02
«9123FE~02 +7801E 00 =-,5608EL 02
v 9561F=02 2 7565E 00 =-,5173E 02
«1000F=01 «T347E 00 -, 4765L 02

Table 1. Computer Output Listing (Continued).
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CHAPTER TV

EXPERTMENTAL EQUIPMENT

General Reguirements for the Experimental Apparatus

In order to accomplish the goals of this research a system was
needed that satisfied three main requirements: (a) provision for
extremely rapid energy transfer to the heating element to minimize the
time spent in the nucleate boiling regime, (b) the capability of
monitoring the temperature history of the heating element, and (c¢) a
means to determine the growth rate of the vapor film.

A discuscgion of the transient film boiling system electrical
design, heating element temperature measurement system, Wheatstone
bridge design, temperature calibration equipment, and photographic

equipment may be found in Chapter ITI of Reference 2.

Test Container Descripticn

The test tank was constructed from a bored-out piece of aluminum
2 inches thick by 9 inches square as shown in Figure 3. One-half inch
thick glass plates, seven inches in diameter, were mounted on both sides
of the aluminum to form the container for the test fluid. The actual
fluid containing cavity measured six inches in diameter and two inches
in width. An immersion resistance type heater was mounted in the
conbainer Lo control the liguld pool temperature. The liquid pool
temperature was menitored by means of a copper constantan thermoccouple

extending into the fluid. A pressure gauge was provided to enable
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monitoring of the pressure within the test container. The fluid vapor
that boiled off was condensed in a copper coll immersed in a cooling
batin. The whole test tank apparatus was placed inside of an exhaust
hood to draw off the toxic vapors that might escape. The one-way
preciure release valve was provided as a safety device to insure that
excessive pressures did nob build up within the test container.
Saturation pool boiling could be cbtained by adjusting the energy
input through the immersion heater and adjusting the vapor ocutflow by
means of the pressure release valve at the top of the test container.
When the pool ftemperature exceeded slightly the saturation temperature
level the pressure gauge would indicate a small excess pressure above
atmospheric pressure. The energy input would then be stopped and the

test run would be made when the pool cocled to its saturation temperature

and had zero pressure.

Heating Wire Selecftion

Besides the material characteristics such as:

1. Large resgistance change with temperature

2. Monotonically increasing resistance change with temperature

3. Good brazing qualities

L. Hieh melting temperature

5. High resistance to corrosion
that were considered by Piftts (2], a high wire emissivity was desired in
order to enhance effects of radiation.

After a rather thorough literature search of thermo-physical

properties 1t was decided to investigate Hastelloy C and Nichrome V asg
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possible heating wires.

Hastelloy C was favored due to its high emissivity after it had
been oxidized by heating in air for two hours at 2200° F. The oxidized
wire then possessed an emissivity of approximately 0.95 for a wire tempera-
ture between 1300 ~ 1900° F. Tt was found, however, to give erratic osecil-
loscope readings after energy had been discharged into it during the course
of preliminary runs, and thus was judged unsuitable for use as the heating
wire.

Nichrome V may also be oxidized to form a surface with high emis-
sivity at the wire temperature of Interest. After oxidization of the
very small diameter wire (0.010 inches) was completed the oxide was found
to be brittle and subseguently flaked from the wire surface.

Thus, after much preliminary work it was decided to forgo experil-
mental results of the radiation effect and instead analytically predict
its effect. Commercially pure platinum wire was selected as the heating

wire material because of its proven use in the previous investigations.

Pool Temperabture Measurement Systen

The two main elements of the pool temperature messurement system
are:
- Caopper-constantan thermocouple mounted inside of one-eighth
inch diameter stainless steel tubing
~ Leeds and Northrup Potentiometer, Philadelphia, Pennsylvania,
Catalog No. 8687, Serial No. 106145
The thermocouple was mounted centrally within the pool, halfway

between the immersion pool heater and the heating element, as shown in
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Figure 3. The thermocouple emf was read on the potentiometer to deter-

mine the pool temperature for each test.
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CHAPTER V

EXPERIMENTAL PROCEDURE

Temperature Calibration

Temperature calibration was carried oubt in a manner described in
Chapter III of Reference 2. A total of eight heating elements were
calibrated during the course of this investigation. Only five of these
elements were actually used during the transient film boiling experi-
mente. Calibration data for these five elements and element descriptive

information is given in Appendix G.

Transient Film Boiling Experiments

The general procedure for the film boiling tests may be found in
Chapter ITT of Reference 2. A schematic of the general experiment
arrangement may be seen in Figure L.

The resistance that had been added to the wiring circuit by the
heating element holder apparatus introduced a possible source of error.
This resistance was measured with a Wheatstone bridge and its effect on
the final element temperature was calculated and corrected for. ITf
uncorrected, this resistance could have introduced an error of approxi-
mately seven per cent in the element temperature determination.

Ag calculated in Appendix F, the probable error for a single
element temperature measurement, neglecting the effect of the copper
lead wires during calibration and the effect of the element holder

apparatus during the test runs, was 5.43 per cent.
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Pertinent data from each test are presented in Tables 6 and 7 in
Appendix G for the successful experiments.

A total of 26 filmed tests were made. Data were obtained from
18 of these tests and are reported in this thesis. A summary of the
tests that did not yield results follows:

Run No. 4 -- This test was conducted with the pool liquid
temperature too cold to yleld measurable
film growth rates.

Run No. 11, 12, 13, and 14 -- The voltage input to the btiming
signal generator was insufficient to give timing
dots on the film.

Run No. 15, 17, and 18 -- Pressure above one atmosphere was
developed within the test container. This
tended to suppress the vapor growth and did not

yield measurable film growth rates.

Data Reduction

Data reduction was accomplished in a manner described in
Chanter IIT of Reference 2. A Bell and Howell model 173 projector was
used to project the test film onto a white surface from which vapor
film diameter measurements were taken. As calculated in Appendix F,
the probable error for a single diameter measurement is 8.7 per cent.
This method of diameter determination involved the assumption that the
vapoy film could be represented as a body of reveolubtion. Thus, the
volume could be approximated by measuring the diameter at prescribed

inteyrvals along the length of the wire, calculating the area at each



of these stations, multiplying this area by the distances between
stations to form a volume, and then summing the total of the incremental

volumes thus formed. This may be expressed mathematically as

where

Wire diameter measurements were taken from the last frame of the
film with no vapor film present and this was considered to be the zero
for the current experiment. Since the framing rate of the camera was
approximately 4,000 frames per second, for all tests the zero time
location could at most be in error by one-fourth millisecond. The next
frome was then analyzed as was each succeeding fourth frame. The
analysis was continued until approximately forty frames of film had
been analyzed. This covered an interval of about ten milliseconds

after which vapor breskaway from the wire hegan to occur.
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CHAPTER VI

DISCUSSION OF RESULTS

The heating element temperature and vapor film growth rate were
debermined for the fluids used. Both the conductive heat transfer
through the vapor phase inte the vapor-ligquid interface and the couvec-
tive heat transfer from the vapor-ligquid interface into the liquid phase

were calculated numerically.

Temperature Determination

The Wheatstone bridge and oscilloscope system (see Chapter IV)
provided a means for determining bthe heating element temperature as a
funection of time. A typical plot of heating element temperature versus
time 1s presented in Figure 5. The element temperature change was
initiated by the capacitor discharge and was better than 99 per cent
complete at the end of 145 microseconds.

The recorded temperature data were used to cobtain a mean element
temperature Tor each test run. Since the transient film boiling period
was ten milliseconds in length the mean temperature was defined as the
element temperature at five milliseconds following capacitor discharge.
The mean element temperature was then used in the vapor growth rate and

heat transfer calculations reported herein.

Experimental Vapor Growth Data

The experimental vapor formatlion data are summarized in Table 2.

The vapor cylinder radius at nine milliseconds is given for each of the
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Table 2. Experimental Vapor Cylinder Radius Study.
AT L Wire Run Vapor Cylinder
(T - T ) Diameter Number Radius at 9 Millisec.
W SAT
(°r) (°F) (inches) (inches)
Fluid: Carbon Tetrachloride
1775 170.0 0.010 1 0.0235
1802 L5777 0.010 2 0.0180
1768 153.9 0.010 3 0.0190
L7hh 168.9 0.010 5 0.0255
1180 168.9 0.0L0 6 0.0165
1315 169.0 0.010 7 0.0230
1382 169.0 0010 8 0.0250
1325 164.6 0.010 9 0.0210
1350 163.2 0.010 10 0.018%
Fluid: Water
1263 212.0 0.010 16 0.0275
>
1265 210.9 0.0098 5 0.0255
- +*
1468 210.9 0.0098 9 0.0335
¥
1343 194.0 0.0098 8 0.0125
**k
1.108 205,0 0.0126 0 0.0165



Table 2. Experimental Vapor Cylinder Radius Study (Continued),

AT L. Wire Run Vapor Cylinder
(r -7 ) Diameter Number Radius at 9 Millisec.
W SAT
(°F) (°F) (inches) (inches)

Fluid: Freon 113

1253 5 I 0.010 19 0.0185
1302 111.2 0.010 20 0.0170
1306 104.3 0.010 21 0.0165
1432 116.7 0.010 ee 0.0235
1458 117.1 0.010 23 0.0235
1462 103.4 0.010 24 0.0190
1403 102.6 0.010 25 0.0170
1463 110.5 0.010 26 0.0185
*Referenca 2.

ik

Reference 4.
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18 film boiling experiments as well as for several runs recorded in
References 2 and 3. These data were obtained by drawing a "best fit"
curve through the experimental data points.

An initial burst of wvapor was observed at the beginning of each
of the filmed tests. This vapor was nucleate in character and somewhat
opaque while the vapor found later was transparent. It was thus seen
that during the initial period nucleate boiling took place. The first
frame that showed a transparent vapor was considered to be the start of
the transient film bolling process and all numerical calculations were
started using the corresponding value of time and vapor radius.

As shown in Figures © through 10, and Table 2, many of the tests
were made to verify the repeatablility of the experimental results under
the same conditions. Not all of the test results were compared with
numerical soluticns. Instead, representative runs were selected to be
analytically verified and the compariscns are presented graphically in
Figures 13 through 23. Results from References 2 and 3 were also
included and are presented in Figures 24 through 27.

Pictures of the vapor film from run number 22 are shown in
Figure 11. Thesge pichures snow no noticeable end effect near the wire
holder. The pictures cover only the first ten milliseconds, since affer
this initial period is over stable film boiling and film break-away from

the wire ocecurs.

fugselt-Relation for Convection and its Effect on Vapor Growth

Equation (2.37) was programmed for a Burrough 5500 digital

computer and solved by means of Runge-Kutta integration for each
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representative run of this investigation.

At the start of the numerical solutiorn process the value of ¢,
the coefficient in the Nusselbt relationship of Equation (2.29), was
varied to determine if some value other than ¢ = 1.2 would yield better
sgreement between theory and experiment. Tt was found that the final
value of vapor film radius at ten milliseconds depended on ¢ as is
shown in Figure 12. The ratio of the analytical to the experimental
maximum vapor film radius for the three cases (runs 2, 16, arnd 23)
of essentially saturated pool conditions had an average value of 1.08.
Here, ¢ has aot effect, since with the present model, the convective
healt transfer reduces to zero and thus the ratio should have been 1.0,
Beesuse of this the valus of ¢ was selected that gave a mean value of
1.08 for all remaining tests. This value was found to be C = 2.2,

All test runs were then solved numerically using ¢ = 2.2 and the results
are presented in Figures 13 through 27 along with the experimental data.
The experimental data shown in Figures 24 through 27 were obtained from

References 7 and 3. The mean deviation betweern theory and experiment

was calculated to be approximately 9 per cent.

Thermal Deccmpositicn of Test Fluid

Thermal decomposition was minimal under the conditions encountered
in this investigation. The extremely short time period during which the
vapor was at its elevated temperature was not long enough to produce the
thermal decompositions shown in Referernces 1% and 15. The total time
that the heating element temperature was higher than the pool temperature

was approximately nine-tenths of a second for a test run.
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To check for possible deposits that may have been left on the
wire due to possible decomposition of the fluid, a "Steroscan" Mark II
scanning electron microscope (Cambridge Instrument Company) was used to
photograph calibrated wire elements that had been used for experimental
tests and calibrated element number € that had nct been exposed to test
conditions. As shown in Figures 28 and 29 there are no noticeable

differences between the various surfaces.

Conduction Heat Transfer

Graphs of typical numerically calculated conduction heat transfer
rates through the vapor inte the vapor-liguid interface versus time are
given in Figures 30 through 32. TFrom Figure 32 it 18 seen that for
nearly equal wire temperatures the case with the lower liquid pool
temperature has the higher conduction heat transfer rate. This is
because the wvapor Tilm is smaller for the case of the lower ligquid pool
temperature, hence the smaller insulating effect of the smaller vapor
£ilm allows a larger conductive heat transfer to pass through it. From
the computer solution of the vapor growth rate and heat transfer elfects
for runs number 5 and 9 of Reference 2 it is seen that for equal liquid
pool temperatures the conducllion heat transfer is greatest for the lower
wire temperature. The higher wire temperature causes an initial vapor
film that is much larger than that for the lower wire temperature. The
larger vapor film thickness has an insulating effect that more than off-
sete the larger driving force due to the higher wire temperature and thus

the smaller conduction heat transfer rate resulus.
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Convectlon Heat Transfer

Graphs of typieal numerically calculated convection heat transfer
rates into the liquid pool from the vapor-liguid interface versus time
are given in Figures 33 through 35. From Figure 35 it is seen that for
nearly equal wire temperatures the convection heat transfer is much
greater for the case with the lower liguid pool temperature. From the
computer solution of the vapor growth rate and heat transfer effects for
runs number 5 and 9 of Reference 2 it is seen that for equal liquid pool
temperatures convection heat transfer is greater for the lower wire
temperature. Again these last two effects show the insulating properties
of the larger vapor films which cccur for higher wire temperatures and

for liguid pools with low subecooling.
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CHAPTER VII

CONCLUSTIONS AND HKECCOMMENDATTIONS

Conclusions

Conclusions reached a5 a consequence of this investigation are as

follows:

i

Led

It is not possible to obtain film boiling immediately upon
a abtep change in wire temperabure. Initially nucleate
type bubbles are formed whiech quickly unite to form a
vapor film. It requires approximately one millisecond for
a clear vapor film to form.

The transient film boiling proecess occurs in thermal
cauilibrium, The vapor-liguid interface is at the
saturation temperature c¢orresponding to the external
pressure that is present.

Liguid inertia effects are neglipgible during heat transfer
controiled transient film boliling.

The analytiecal model presented here gives agreement within
9 per cent of the experimental data if the coefficient

¢ = 2.2 in the Nusselt relabionshin, Baquation (2.29).
However, the analytical model iz hypothetical in other
respects (arbitrary starting conditions) and the Nusselt
relationship cannot be inferred with confidence, nor can be

provern to have constant exponents and coefficients.



Recommendations

Specitfic recommendations for fubure research include:

1. The external pressure dependence of the transient film
boiling process could be studied to debermine the amount
of energy input needed to obtain appreciable film growth
at external pressures greabter than atmospheric.

2. Liquids such as hydrocarbons which have no exact saturation
temperature could be investigated analytically and

experimentally.

Las

Investigation into the initial period of film growth could
be made to see 1f better agreement between theory and
experiment may be cbtained by some appropriate matching
of experimental and analylical vapor-liguid interface

veloclty at the onset of film boiling.
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APPEIDTX A

RADTATTON EFFECTS

Radiation Effect Within Vapor FPhase

Radiation Effect Within Liguid Phase



Radiation Effect Within Vapor Phase

In order to ectimate the effect of the vapor on the radiation
exchange between the high temperature wire and the sabturated vapor-
liquid interface lthe Tollowing analysis was performed.

Consider water vapor at a mean temperature of 1460° R, which
would be the approximate maximum mean temperature encountered in this
invegtigation, between two infinite parallel plates as an approximatiocn
to the actual system to obtain an estimate of the vapor effect. From

Hottel (16) it is found that the gas absorptivity, o , is
g

L
Tg 0.45 { TW
o, = (E;) € (PWL) T; . 14} (A.1)

where T = gags temperature, °R
£

Tw = wall temperature, °R
eg = gas emissivity
Pw = water wvapor partial pressure
and
L = mean beam length = 2.0 x (separation distance between

platez),

Thus for a maximum separation distance in this investigation of 0.030 in.

£5 2,260° R
12in © 1,460° R

Hlﬁl—ﬂ

=1atm x 2.0 ¥ 3.0 in x (a.2)

i+
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T
(e, L) 53 = 0.00773 ft atm. (A.3)
g

From Figure 6-11 on page 232 of Reference (16) it is found that, at

T
(P. L) =2 = 0.00773 ft atmand T = 2,260° R, ¢ = 0.005. This value
W Tg w g
of gas emissivity must then be multiplied by CW, a correction factor, to

correct for the departure from an "ideal" state of P = 0 and P L=
w total

1.0 atm. At (Pw + P =1 atm and (Pw i (;W/Tg) = 0.00773 ft atm

total)/2
it is found from Figure 6-10 of Reference (16) that C, = 1.58. So the

corrected value of gag emissivity is

€. % 1.58 x 0.0050 = 0.0079. (8.4)

Now to cbtain gas absorptivity By from Equation (A.4) must be multiplied

by (Tg/Tw)O'uﬁ, as shown in Equation (A.1), to obtain
o . 0.45
. 1 460° R _ &
@, = (2,2 5 R) x 0.0079 = 0.0065 (A.5)

or 0.65 per cent. If the value of T had been 672° R, its lowest tempera-
ture, then ag would equal 0.0083 or 6.83 per cent.

Therefore the absorption of radiant energy by water vapor is
negligible and has been ignored in this analysis. As shown in References
(17) and (18) the sbsorption of radiant energy by carbon tetrachloride
and Freon 113 is not significantly different from that of water wvapor,

and so they also will absorb a negligible amount of energy.
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Radiation Effect Within Ligquid Phase

From References (19) and (20) it is seen that the index of refrac-
tion for all fluids investigated is less than 1.5. 8o from Figure L-5
of Hottel (16) it is found that @ (90°) =¢ (90°) > 0.95. Negligible
radiation enters the liquid at an angle other than 90° to the vapor-
liquid interface surface. Thus, essentially all of the incident radia-
tion that reaches the vapor-liquid interface will be absorbed by the
liguid and only a very small portion will be reflected from the inter-
face toward the wire or to other points on the interface.

Tt will now be shown that the absorption of the radiation by the
liquid phese is a volume effect and not restricted to the surface.

For ligquid water, Coblentz (21) shows an approximate absorption
coefficient of T.l3 mm-l for the wire temperatures of interest (less than
2000° F). Thus 95 per cent of the thermal radiation is absorbed in
0.0166 inches of liquid water.

For liquid Freon 113 the approximate absorption coefficient is
1.423 m L as presented by Proctor (22). Thus 95 per cent of the thermal
radiation is absorbed in 0.083 inches of Freon 113 liguid.

For carbon tetrachloride Coblentz (23) shows an approximate absorp-
ticn ecoefficient of 3.15 mm_l. S0 95 per cent of the thermal radiaticon
is absorbed in 0.0375 inches of liquid carbon tetrachloride.

Therefore the radiated incident energy does penetrate appreciably
into the liguid phase when compared to the typical vapor film radius of
0.025 inch encountered in this investigation. The absorption of radiant

energy must be concsidered as a volume effect and not as a surface effect.
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DERIVATICN OF ENERGY EQUATION FOR
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The energy equation for any coordinabe system is

s 2 L9 . D) - Wb - %g -8 =0 (3.1)

from Kays (24), where

enthalpy = e + P/p

i

)

I

dissipation function = 7T,. =— ,
ij ou
and

= internal heat source function which includes

[
|

absorption of radiant energy by Lhe vapor phase.

he Tirst term of Equation (B.l) is

L, 2 ,
Ppg = F (ae ¥ Y ar)' (B.2)

In general

Di , DT Bi) DFP

DE 5} DA + ‘3P T D8

which for the approximation that the wvapor phase may be considered to

behave as a perfect gas becomes
D g

Do 2
D8 p D8 °

If the specific heat at constant pressure, CD is then considered constant

and evaluated at the mean vapor film temperature Equation (B.2) becomes



ao

Di afr T
& _— 4 e
P i) P cm (BG Vr ar)

As shown in Appendix ¢ the convective fransport of energy is negligible
compared bo fhe conductive transport of energy so

T

Di . .
pﬁg~ﬁ!(.pa..

Qs

o

The seccnd term of Byuaticn (B.1) becomes

, 3°T 1 aT .
v (wr) =k (5t 2 53) (8.3)
ar

for constant thermal ecwmductiviby, k, that i evaluated at the inean

vapor Tilm Lemperaturea.

The third term of Equation (B.l) is the viscous dissipation
- uo

which is zero for this investigation in whiech the vapor velocity is
always assumed to be radial ard thug perpendicular to any shear planes
at the wvapor woundary.

The fourth term of Equation (B.1) is

~ %§ = ca [EE ' ?3 ]. (B.M)
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The pressure at the vapor-ligquid interTace within the vapor phase will
now be shown to vary negligibly from the pressure within the test
container above the free surface. Buoyancy forces, which are the only
body forces present, will also be shown to be negligible, since they

have been ignored in Equation (B.l).

Tnertia of the Ligquid

For =z single vapor cylinder in an incompressible inviseid liguid

of finite extent, the equation of motion for the liguid is

avr avr
o (gt v 37)

The continuibty equation is

13

»r or

(1" vr) = 0.

A macs balance at the vapor-liguid interface gives

a .2 . -
= (mR°1, pv) =2 KL (R Vf) P,

where R = vapor-liquid interface radius
I, = length of vapor film cylinder considered
R = velocity of vapor-liguid interface
v, = velocity of liquid ab vapor-liquid interface
p = density of wvapor



and
Pg = density of liguid.
After taking the derivative and then dividing through by 27 RL the mass

balance yields

Rp,=(R-v)p,
5 p
v. =R (1 -—
¥ 0y

and so for P, s Py the 1liguid velocity at the inbterface, Vr’ is equal to
the vapor-liquid interface velocity, R. Integrabion of the continuity
equation from the radius of the vapor film interface R(6), to r, where

r > R(8), gives the radial liguid velocity, Moo in terms of the inter-

face velocity, é, as

So Vi, = ﬁ % within the liquid. Substitution of the liquid velocity

into the equation of motion yields

2
Yo

(R)° +8R ()R
0,( g )

ID/
lgv)

Q"l
L2

r

which, upon integration from the bubble interface, R, to the liquid free

surface height above the vapor eylinder, h, gives
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pg{[(ﬁ)gwﬁ]ln )+'—[(%> (—;-—1)]} - P, (R) - P, (n). (8.5)

From the numerical solution to run nunber 2 (see Chapter III, Table 1)

R = 0.01043 in

R = 0.3222 in/sec
R = 3.219 % 103 in/sec2
h=1.01in

3
and P, (h) = 1h.7 1b../in"
at B = 1557 % 10“3 sec .

Substitution of the above values into Eguation (B.5) yields

1b_

92.75

P " 2 .
e 7 L X { [ 322 — ) + 0.010%F in x 3.22 x

m
32.1'{%}{2 .08 x 10 ft

UJ

pe 2 [@ulldeg”, 0

b,
By (R) - 1k. —%
in

;
10 x1ln (O Oth 1n (B
sec”

or, the relative excess pressure in the vapor film is

LP/P = Qj%?% = 0.011

above the atmospheric pressure. Thus the pressure at the vapor cylinder

wall in the liquid differs negligibly from the pressure at the liquid



free surface. Sernas and Hooper (25) also state that for the vapor
bubble growth of thelr investigation the liguid inertia effects were

not significant beyond the first fifty microseconds.

Surface Tension

A force balance on the vapor cylinder considering the surface

tension yilelds

where
Pv = vapocr pressure at interface
Pﬂ = liquid pressure at interface
o = liquid surface tension

and

R = vapor cylinder radius.

For the smallest possible vapor cylinder radius obtainable for this

84

investigation R > = 0.005 in. Thus, for water, which had the highest

surface tension of the three liquids considered, the equation yields

. ) 1b
- Jynes cm -5 newton f
5 L t—.\_.—.—...- oy -
B 56.89 cm 2.5k I F 4 %10 dyne - §.I5 newton
B "By = 0.005 in (8.6)
=
B =By = 0.065 lbi,/ir;".
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Now since the pressure within the vapor at the interface differs
negligibly from that within the liquid at the interface, and it was
shown previously that the liguid pregsure at the interface varied
negligibly from that of the free surface, it is noted that the pressure

in the vapor at the interface is approximately that of the free surface.

Buoyanc

For a typical fluid, say water, the buoyancy force of the vapor

. 2 P
Luoyancy _ _ -
Roros =(gp,~gp)V=gp; @ Qﬂ) v
where

Py = liquid density

I

p

v vapor density

and

v volume of vapor present.

I

Since pv << Py the above squation becomes

Bucyancy Force = g Py =

For a typlcal final vapor diameter of 0.07 inches at 10 milliseconds
the buoyancy force becomes

s g D 2
& (.Or 1n) % iy

L 144 in2

g T 85 in
Bugyancy Force = EZ x 62.4 - X 75 e X
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-l
Buoyancy Force = 2.57 x 10 lbf.

This force yields an "effective pressure" of

_g b,
=1.98 x 10 E
in

2.57 x lO_ulbp
1.85 in x .07 in

upward on the vapor cylinder. Thus the buoyancy force is negligible.
The pressure could vary greably within the vapor only if there
were large accelerations within the vapor. As stated in Appendix C the
probable vapor veloclties are two orders of magnitude less than the
vapor film interfacial velocity. Therefore for the small vapor veloc-
ities and pressure variations present the second term of Equation (B.4)
is negligible. Due to the small pressure variations present during the
vapor film growth process the change of pressure with respect to time
would also be negligible and thus Egquation (B.h) would be egual to zero,

50

B 50 (B.7)

In order to determine if the vaporization at the vapor-ligquid
interface is taking place in thermal eguilibrium it is necessary to
estimate the vapor temperature at the interface. The pressure of the
liguid and the vapcr at the interface can be related to the amount of

superheat present by the Clausius-Clapeyron equation



a _ g ?
4aT v 7R

where
P = pressure
T = temperature
hfg = heat of vaporization
and
v = v _=- v_ = change in specific volume during phase change.

fg g f

For the case

difference form as

of pf e e pv

the above equation may be expressed in finite

PV - PE } hig J pv
Ty = Tear Taar
or
o _ TSAT i
v TSAT “h, Jop (Pv PE)‘
fg v

For water this yields

£ =T =

212° ¥ x 0.065 1b/in” x 14k in"/rt°

v

T = 0.070°

= B
v SAT

AT g Btu/1b, x T78 ft 1b./Btu x 0.0372 lbm/ft3

F.

87



88

Thus there is very little liquid superheat and the vaporization process
may be considered to be taking place in thermal equilibrium.

As shown in Appendix A the internal source function, 8, which
includes abscorption of radiant energy by the vapor phase, approaches
zero for the negligible absorption present in this study.

Substitution of Equations (B.2), (B.3) and (B.7) into Equation

(B.1) gives
oT azT 1 aT
pcpaqg"k(g;§'+§§z~")“o
or
%%-a<£—§+%§%)=o (5.8)

within the vapor phase. This is Equation (2.1) of Chapter II.
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CONVECTION EFFECT WITHIN VAPOR PHASE
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Convection Effect Within Vapor Phase

In order to estimate the effect of ignoring convection in the
energy equation for the vapor phase it is necessary to know the ratio

of convective to conductive heat fluxes

p. C v iT—
v op, ar
- . (g.1)
[ 5-1]
viLa, r oY
Subject to the case of negligible convection it was found that
2
_ 5
Wy
aT . e -
= =K (§) - (c.2)
S0
2
__r
2 ]
0T v 1 L
==K, (8)e (= B » =] (c.3)
or - r T

Substitution of Equations (C.2) and (C.3) into Equation (C.1) gives

)
_ TN
I':‘"ve
3T y vE (®)e
pVC % e — (C.L})
Pv b av r
. [f_T_+;B_T.] ot
Vit T8 o 1 3y 1
§ on ™ [l o]
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Py S U o
v 2v0 .
5 s B (c.5)
NENEY
v 2 r or
or

The vapor velocity, v, may be estimated by considering the work of
Florschuetz and Chac (26). As stated by them, for equilibrium bubble
growth within a ligquid of small superheat the bubble wall temperature
approaches the saturation value corresponding to the external pressure,
and hence the pressure difference approaches zero. The ligquid inertia
is then negligible and heat transfer is the controlling factor of the
bubble growth. This situation is essentially the case for the present
investigation after the first few hundred microseconds have passed. Thus
the portion of the film growth considered is controlled by heat transfer
to the interface through the vapor and convection away from the inter-
face by the liguid.

For heat btransfer controlled collapse Florschuetz and Chao (26)
found that the velocity, v, at the vapor-liguid interface was two orders
of magnitude smaller than the bubble wall velocity, R. TFor the case
where the growth process may be considered to be the inverse of the
collapse process and v 1s taken to be two orders of magnitude smaller
than ﬁ for both bubble growth and the fiim growth of the present investi-

gation, Equation (C.5) gives
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ge

L

2}{(-—Li—n@£)x733x10_ see

(c.6)

9.4 x 1077 4n

= 0.0060kL

for run number 2.

Therefore the value of the ratio of convective to conductive

heat fluxes is less than one per cent,

within the vapor phase is justified.

and the ignoring of convection



APPENDIX D

DERIVATION OF THE ENERGY BALANCE AT
THE VAPOR-LIQUID INTERFACE
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To analyze the energy transfer that is taking place at the vapor-
ligquid interface region a control volume will be used. The control

volume is depicted as shown in the sketch bhelow.

The control veolume is of thickness 6§ and is located at the vapor-liquid
interface within the liguid phase. The control volume 1s considered
stationary at some instant in time.

From Hill and Peterson (27), with the addition of an internal

heat generation term, the energy equation for the control volume is

)
. Sen d u{— — -
+ o —— 1 + I .

Q dA q dv = =5 (e0 p) av (h+ 3 gz) pu-ndA

Cs eV Cv ca
+pP +p7 - X-uav (D.1)
W 5
cv
where
Q = local heat transfer rate (per unit time per unit area),

positive into contrel veolume,
4 = internal heat generation term,
e = total energy per unit mass,

h =e + P/p = enthalpy of fluid,

-JHJ
i

5 shaft work done by control volume,



o
Il

viscous work done by control volume,

eql
It

body force per unit velume on fluid within control
volume.

The 1ntegral

Cs

constitutes the heat transfer across the entire contrel surface surround-

ing the control volume. For this investigation it yilelds

oT

S| Ro- by (TSAT ~T.) (B + 5)] 2 nL (D.2)

=

Q dA = [ - kv

Cs

where the first term on the right side of the eguation is the conduction
inte the control volume from the vapor and the second term is the con-
vectlion intco the liguid from the control volume.

The integral

cv

is the internal heat generation as the result of radiant energy absorp-

tion within the control volume and so



.

¢ av =K (q (2 RS ) (D.3)

pa—
wlgw

rad,w
cv

where X = absorption ccefficient of the liquid
= radiant ener leaving the wire
qrad,w gy =
and
r = radius of the wire.
The total energy for the control veolume of mass m is

2
B, & B¥ M + mgz (D.4)

2
and EO per unit mass is designated as e,- The rate of change of the

total energy per unit mass within the control volume is therefore

o _ 4 l 5 ] :
e, P AV = e, P 2 TRL 8. (D.5)
cv

The transport of enthalpy, kinetic energy, and potential energy
is denoted by the integral

2

(b + 5+ gz) pu (0.6)

Sl
=

For this investigation the kinetic energy and potential energy transfer

are negligible and thus Equation (D.6) becomes
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—

I R ~ |-t + + b g ; :
hpu-nd [ Y quid (R +6) — R] p, R 2L (D.7)

%s

The term PW is the shaft work done within the control volume and
is zero for this investigation.

The velocity of the fluid flow is perpendicular to the confrol
surface and therefore the term PS for the viscous work is also zero.

The last term of Equation (D.l) which is

f X - uav (D.8)
cv

represents work transfer via body forces. For Xr being the radial

component of the body force Equation (D.8) gives
Ii-ﬁdv=xr R 2 TIRL 6. (p.9)

Substitution of Eguations (D.2), (D.3), (D.5), (D.7), and (D.9)

into Equation (D.l) then yields

I‘

R

i &

R-hy (Toap - To) (R+5)]2T’L + K (q Y (27IR 8) =

rad,w

T 1 : . o -
[de p)] 2 TTRL, & [ B fquia (R+8) + — R]pvR 2mL - X, R 2nRL 6 .
(D.10)
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After taking the limit as 6 — O and then dividing through by 2 WLR

Equation (D.10) gives

var " B (iSAT B :w) =Py R (nv&por" hliquid)' (D.11)

Since

T(R) = Do T(R +8) - Tqpp 28 & = 0.

Therefore

he 45, pygusa  Paap 38 then (Moo~ Bosia) = e
so that Equation (D.11) becomes
oT :
- ¥y 3¢ Em.(TSAT - T = Py B hfg' (D.12)
r=R

Equation (D.12) is the energy balance at the vapor-liquid inter-
face of the vapor film. It is noted that the absorption of radiant
energy goes hto zero as the control volume thickness, 6, goes to zeroc.
This is due to the absorption in depth of the radiation within the

liguid phase.
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System Time Constant

The electrical charge on a capacitor decreases exponentially with

time according to

(E.1)

where QO is the initisl charge, t is the time in seconds, R is the
circuit resistance in ohms, and C is the capacitance in farads. The
capacitance was 100 microfarads for the investigation. The heating
element had an approximate resistance of 0.2510 ohm at an average
temperature of 785° F. The copper leads from the capacitor and the
heating element holder apparatus contributed resistances of 0.0242 omm
and 0.0388 ohm respectively. Thus the total resistance of the capacitor
discharge circuit was approximately 0.31L40 ohm.

Approximate the time constant, i.e., the product RC, by the
approximate total circuit resistance times the circuit capacitance to
obtain

RC = 0.3140 x 100 x 10'6 = 31L.40 x 10”6 seconds. (E.2)

Thus, by Equation (E.1l), the discharge of the capacitor is more than 99

per cent complete at the end of 145 microseconds.

Calculation of Adiabatic wire Temperature

In order to estimate the possible upper limit of the wire tempera-

ture the adiabatic wire temperature was calculated. As stated previously
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in the calculation of the system time constant a porticn of the energy
wlll be dissipated in both the copper leads from the capacitor and the
heating element support. Thus the amount of energy that dissipates with-

in the heating element may be approximated as

2
_ ﬁResistance of heating element at mean wire temperature) . Cv
(Total discharge circuit resistance ) 2

Q

which for the case under consideration ylelds

_(0.25000) _ (1 e
“= pame) ¥ (3) x (0.0001 farad) x (450 volts)

I

Q = 1.9k cal

3

1l

Q = 7.7 x 107 Btu
lNlow for the heating element being used
@ =m C_ AT.
. p

For the element used the approximate final adiabatic temperature was

approximately
Q 7.7 x 1075 Btu
FANN ='r\'1(" =

p m (0.005 in)2 (1.85 in) (0.77h4 1bm_/in3) (0.035 Btu/lbm °F)

AT = 1,950° F
which is a little higher than the average temperature increase obtained
in this investigation. Since the copper leads from the capacitor and the

heating element holder apparatus had such relatively large masses in
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comparison to the heating element, any temperature rise within them

should be negligible.

Axial Temperature Distribution Within Wire

The time varying axial temperature distribution was approximated
by a region -£ < x < £ with zero surface temperature, zero initial
-6
temperature, and heat production at the rate Aoe . per unit volume

for 8 > 0. The differential equation was then

_a_él__l_é?_m_ﬂ____oe-m (E.3)
ax2 o 0b k :
with the initial condition
P s ) =0 _(E.h.)
and boundary conditions
T (- 4, 8) =0 (E.5)
and
T (2; B) = Us (E.6)

The soluticn to Egquation (E.B) with the given initial and boundary

conditions may be found on page 132 of reference (28) to be



Ao [cos x (h/a)lfg ~ 8

Ak Nowm (K/a)lfe

2 2
- 2 1) m8/48
CIB e / % cos (2n + 1) 7 x/24

(2n+1) {1 -[an+ 207 P as® |}

The above equation was solved for a typical case in this investi-
gation and the results are plotted in Figure 36. It may be noted that
the mean temperature is again approximately 1950° F above the initial
wire temperature which was the value calculated previously for the
adiabatic wire. This case, like that of the adiabatic wire, again

neglects any energy lost radially from the wire.

Radial Temperature Variation Within Wire

From Kreith (29) it is found that for a cylinder the error intro-
duced by the assumption of uniform temperature will be less than 5 per
cent when the internal resistance is less than 10 per cent of the external

surface resistance, i.e.,; when the Biot number, Bi, is

Bl =g < 0.k (BLT)

Wwhere

=
I

average unit-surface conductance

1§

characteristic length

ST
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k = thermal conductivity of the wire.

For a typical case consider run number 2 where

— 1300 Btu/hr £t~ _ Btu
4 1770° F =735 5 a
hr £t~ °F
r _ 0.005 in
& 2 % 12 injfs
and
k = 40 Btu/hr £t ° F.

Thus Equation (E.7) gives

Btu C.005 in
Te3y ——F— x ( : )
hr ftg o 2 x 12 1n/ft

LO Btu/hr ft °F

ws}
e
il

= 483 x 1077

and therefore the radial temperature gradient is negligible within the

wire.
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Vapor Cylinder Radius Determination

The diameter of the test wire was measured prior to the test runs.
Each experimentally obtained vapor film was then related to the test
wire as a ratio of their respective projected diameters. Thus the
vapor film thickness was obtained in terms of 1ts diameter. The error
in the determination of the wvapor film radius i1s then equal to the error
in the determination of the wvapor film diameter, since the radius is
merely one-half of the diameter.

For an arbitrary function A the error associated with its deter-

mination is given by

(r.1)

2
fl

e )
o ad
£
g

whnere the mi's are the varigbles of measurement. For the vapor cylinder
diameter the variables of measurement are:

(L) Individual projection station diameter

(2) Actual wire diameter

(3) Projected wire diameter

(4) Defining of vapor-liquid interface

In terms of the above four variables Equation (F.l) becomes

s _ap_ M en %% 2%, M

D adl D aa2 D ad3 D Bdu D

(F.2)

A typical projected vapor-liguid interface diameter was 1.30
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centimeters. This was measured to an accuracy cof 0.025 centimeters.

Thus the error from the individual projection station diameter is

025 - o.o19e. (F.3)

The actual wire diameter was measured and found to be 0.010 plus
or minus ,00025 inches. Therefore the error resulting from an actual

wire diameter determination was

Ad )
aD 2 1.30/2.54 .0002 - e
8, D  0.010 X T.30/2.50 0.025. (F.4)

A btypical projected wire diameter was 0.35 centimeters. The
projected wire diameter was measured to an accuracy of 0.025 centimeters.

The error resulting from this source was

(F.5)

(o7

o

o

O

i

ITO
s

f..)[j

Lt o

ol
1l
(8]
(®]
-]
i)
\J

The vaper-liquid interface could be located with an accuracy of

0.05 centimeters to give an error of

$ e medl o BB g e (F.6)
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Substitution of Equation (F.3), (F.4), (F.5), and (F.6) into

Equation (F.2) yields a typical vapor cylinder diameter error of

tjl%

= 0.0192 + 0.025 + 0.0715 + 0.0384 = 0.1541 (Fr.7)

ot approximately 15.4 per cent.
If a normal (Gaussian) distribution of errors is assumed, then the

probable error becomes

2 i B 2 g
p e 2 La % s 2% s W) (5.8)
i) 3¢, D a1, D b4, T 3@, D

Substitution of Equation (F.3), (F.4), (F.5), and (F.6) into

Equation (F.8) yields a probable error of

.&DP

, 1/2
B [(0.0192)2 ¥ (0.025)° + (0.0715)° + (0.0384)° ] = 0.087 (F.9)

or approximately 8.7 per cent for one station.

Element Temperature Messurement

The variables of measurement are:

1. Bridge current, T

2. Oscilloscope galn, G

3. Oscilloscope drift between reference reading and data

reading, B



4. Oscilloscope reading error, S

5. Potentiometer error, H

6. Standard platinum versus platinum plus 10 per cent

rhodium thermocouple error, P.

Items one through three occur twice in any temperature measurement,
once during calibration and once during the boiling experiment. Item four
also occurred twice for each temperature measurement, once during cali-
bration and once during the boiling experiment. Also two readings were
required for each temperature measurement, i.e., bridge unbalance voltage
and bridge unbalance at zero bridge current. From Equation (F.1) the

maximum error in element temperature measurement becomes

o o w BT aT aT
AT STAL*Rs= &G+ 25F A8
3T 3T 3T
+ L 55 08t MY =5 AP (r.10)

The bridze current was adjusted to within one-half milliampere
for each reading. The current was 100 milliamperes for all tests, so
the errcr for cne milliampere at a typical heating element temperature

of 1500° F would be
AT comt o ——
= Tpg * 1500 = 15 F/milliampere (F.11)

which yields
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15 5, (F.12)

no
Q)’-’J)
=
F
l

The oscilloscope galn was adjusted and controlled to within one-
tenth of the smallest grid division on the scope screen. Twenty of

these divisions represented about 1500° F. Thus,

% = £ % 1500 = 75° F/division (F.13)

F\)[}—'
o

and
QQE a{}:zx'@xL =55 ol (F.1k4)

The oscilloscope drift was checked before every reading during
both the calibrations and the actual tests. This was accamplished by
triggering the scope at a sensitivity filve times as great as the one
used during the actual tests and then observing any drift that may have
occurred. Thus, the drift could be held to within one—foﬁrth of the

smallest grid division. So

5 OT - 2500 . L i
Ao BE~B g kg =R (F.15)

The oscilloscope reading error wag held to within one-fourth of

the smallest grid division for each reading. Thus,

%% 0,0 - 75°/division (F.16)
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and
3T o i
Mé-s- AS =k x5 x =75 F. (B17)

The manufacturer's stated error for the K-3 potentiometer is
0.015 per cent plus 0.5 microvolts. The emf error at 1500 degrees

Fahrenheit is approximately

MM~ 00015 x 7.498 + 0.5 x 10'6 ~ 1.6 x 10'3 millivolt (F.18)
and
BT 1500 P —"
— A= 2 00 ¢ 3
ST S 7498 = 2 F/millivolt (F.19)
50,

AH = 200 x 1.6 x 1073 ~ 0.32° F. (F.20)

(o7} FoY]
=1

The stated error for the platinum versus platinum plus 10 per
cent rhodium thermocouple, that had been calibrated by Leeds and
Northrup, is 0.75 degrees Centigrade in the range O to 1100 degrees

Centigrade. So,

—g—% AP =1 x (0.75 = 1.8) = 1.35" ¥, (F.21)
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Hence, by Equation (F.10) the maximum error in a heating element

temperature measurement is

AT = 15+ 15+ 24 + 75 + 0,32 + 1.35 = 130.67° F (F.22)

and the maximum per cent error is

H[%

& g%gégl = 8.7 per cent. (7.23)

Applying Equabtion (F.8) to the element temperature yields a

probable error of

AT, :[(15)2 £ (15)° + (24)° + (75)7 + (0.32)°

L /2
+ (1.35)° ] =81.5°F (F.24)
so the probable per cent error is

“Tp

T

o
st
A

= —== = 5,13 per cent (F.25)

=
S\
o
L

for a single temperature determination.
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Table 3. Heating Element Descriptive Data
Element Description
1 Commercially pure platinum wire,

0.010 inch in diameter,
1.85 inches long.

Commercially pure platinum wire,
0.010 inch in diameter,
1.83 inches long.

N

5 Commercially pure platinum wire,
0.010 inch in diameter,
1.85 inches long.

6 Commercially pure platinum wire,
0.010 inch in diameter,
1.80 inches long.

7 Commercially pure platinum wire,
0.010 inch in diameter,
1.85 inches long.
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Table 5. Temperature Recalibration Data for Heating
Element Number 2.

Thermocouple Wire Bridge Bridge
Date EME Temperature Unbalance Current
(Millivolts) (°F) (Millivolts) (Milliamps)
8-23-69 0.1ho 76.1 8.50 100
8-23-69 1.427 390 11.70 100
8-23-69 3.095 714.5 14.50 100
6-23-69 5.030 10T T 17.80 100
8-23-69 6.240 1288.6 18.80 100
8-23-69 7 .350 1475.5 20.00 100
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Table 6. General Data for Transient Boiling Tests
Bulk Fluid Fluid Barometer

Run Fluid Temperature Depth Lens Pressure
No. Type (°E) (in.) Film Type f/stop (mm Hg.)
5§ CCl4 170.0 1.00 Kodak 4-X 1.8 743.00
2 CCla 157.5 1.00 Kodak 4-X 146 743.00
3 CClA 153,9 1.00 Kodak 4-X 1.8 743.00
5 CCl4 168.9 1.00 Kodak 4-X 1.8 743.00
6 ccL, 168.9 1.75 Kodak 4-X 1.8 740.10
7 CClq 169.0 Y75 Kodak 4-X 1.8 740.10
8 CCl4 169.0 1.50 Kodak 4-X 1.8 740.10
9 CCla 164.6 1.50 Kodak 4-X L8 740.10
10 CCl4 163.2 1.50 Kodak 4-X 1.8 740.10
16 H20 212.0 2.00 Kodak 4-X 1.8 742,40
19 Freon 111.2 2.00 Kodak 4-X 1.8 741.00
20 Freon 111.2 2.00 Kodak 4-X 1.8 741,00
21 Freon 104.3 2.00 Kodak &4-X 1.8 741.00
22 Freon 116.7 2.50 Kodak 4-X 1.8 738.00
23 Freon 117.1 2.50 Kodak 4-X 1.8 738,00
24 Freon 103. 4 2.50 Kodak 4-X 1.8 738.00
25 Freon 102.6 2.50 Kodak 4-X L+8 738.00
26 Freon 116.5 2.50 Kodak 4-X 1.8 738.00



Table 7. Heating Element Temperature Data for Transient Boiling Tests

Bridge Unbalance - Millivolts

Run Capacitor Time

No. Element Voltage Millisec. 0 10 20 30 40
1 2 450 24,75 24.50 24.25 24.00 23,75
2 2 450 25.00 24,70 24.40 24.05 23.70
3 2 450 24,75 24.40 24,10 23.80 23.45
5 2 450 24,50 24.25 24.00 2375 23.50
6 1 410 20.80 20.60 20.40 20.20 20.00
7 1 430 21.95 21.70 21.55 21.30 21.00
8 1 450 22,50 22.25 2285 21.85 21.65
9 1 450 22.00 21.80 21.60 21.45 21.30
10 1 450 22,20 22.00 21.80 21.60 21.40
16 5 450 23.95 23,55 23.30 22.90 22.45
19 6 432 21.75 21.55 21.35 21.10 20.90
20 6 432 22.25 21,90 21.60 21.10 20.65
21 6 432 22,25 21.95 21.65 21.40 21.00
22 7 450 23.75 23.30 22,90 22,50 22,05

(continued)
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Table 7, (Continued)

Bridge Unbalance - Millivolts

Run Capacitor Time

No. Element Voltage Millisec, 0 10 20 30 40
23 7 450 24.00 23.50 23.05 22,65 22.45
24 7 450 24.00 23.45 23.00 22.55 22.25
25 7 450 23,45 23.00 22.75 22.40 22.05
26 7 450 24.05 23..50 23.310 22.75 22.45

0ctT



Table 8,

Film Growth Rate Data for Run Number 1

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12
Station 13 14 15 16 17 18 19 20 21 22
Wire «35 «35 «35 -3 35 «35 +35 «35 .35 .35 «35 «35
=33 «35 «35 .35 -35 .35 «35 .35 w33 «35
Frame «55 «35 .55 v55 +35 ¢DD «35 .55 .60 .65 .65 .65
No. 1 .65 .70 .75 Wil .65 .80 1D .60 .65 15
) 1.05 1.10 1.10 .90 .70 .55 =D P2 wD .95 1.00 .85
.70 1.15 1.10 .85 .60 1.50 1.05 v 35 1.15 1.35
9 1.10 1.00 1.00 .95 .85 .80 «75 .65 .80 1.00 1.30 .75
.85 1.35 1.35 .70 .70 2.00 95 «55 1.10 1.30
13 1.25 1.10 1,00 1.00 1.15 1.00 .90 .85 .85 1.05 1.40 .80
.95 1.40 1.40 .75 1.00 1.80 1.20 .50 1.50 1.75
17 1.10 1.05 1.00 1.10 1.15 1,10 1.00 .85 .85 1,10 1.35 .65
.85 1.50 1.55 .60 1.10 2.00 1.50 . 50 1.65 1.70
21 1.00 .90 1.00 1.15 1.30 1.30 1.05 .85 .80 1.05 1.25 .65
.70 1.65 1.65 .55 1.20 2.20 1.60 .40 1.80 1.95
25 95 1,00 1.20 1.25 L35 1.35 1.25 1.00 .80 1.15 1.35 .85
.50  1.80 1.95 .50 1.50 2.50 1.90 .40 1.70 2,10

(continued)
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Table 8.

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 L 12
Station 13 14 15 16 17 18 19 20 21 22
Frame 1.00 1.20 1.30 1.35 1.50 1.45 1525 1210 .90 1.20 1.50 .65
No. 28 .40 1.95 2.10 .50 1.40 2.70 1.85 40 1.90 2.30
33 1.20 1.30 1.30 1.40 1.60 1.50 135 1.20 1.05 1.35 1.55 .50
.50 2.00 2.05 45 1.50 2.80 1.90 .50 2.00 2.80
37 1.30 1.50 1.60 1,50 1.65 1.55 1.50 L:2h 1.10 1.50 1.75 .40
.40 2.20 2.10 .35 2,00 3.00 2.10 .40 1.85 3.00
41 1.35  1.85 1.65 1.75 1.75 1.60 1.65 1.10 1.05 1.65 L.75 .50
<40 2.10 2.30 .45 1.85 3.00 2.30 .40 1.80 3.20

Framing Rate

= 43 frames/11l millisec, =

3,910 frames/sec

ccl



Table 9.

Film Growth Rate Data for Run Number 2

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12
Station 13 14 15 16 17 18 19 20 29
Wire .55 .45 4D .40 .40 45 +45 .40 .40 40 2 L .40
«35 + 35 35 35 <35 «35 «35 +:35 +35
Frame .65 55 +55 .50 .55 .60 .55 « 35 .60 .70 .70 .70
No. 1 .65 .55 .70 .60 .75 85 .70 .65 65
5 .90 .70 .65 .65 .70 .60 .60 .60 .80 1.00 .95 .60
. 80 1.05 1.00 .50 .90 1.55 o .65 1.00
g 1.10 1.00 NP 5] .85 .90 «85 .85 79 .95 1.20 1.20 .65
1.00 1.30 1.05 .65 .90 1.70 .60 .50 1.05
13 125 .95 .60 .90 .95 1.05 1.00 .65 .75 1.10 1:20 .50
.80 1.40 1.30 D .75 1.50 .50 .50 1.30
17 1.30 .90 55 .95 1.15 1.15 1.05 ST <15 .75 1..:35 .40
.65 1.50 125 .55 .90 1.75 .50 .50 1.60
21 1.25 . .65 .55 1.05 1.45 1.45 Lals .75 .85 1.70 1.45 .40
.85 Yia 48 1.25 .50 1.40 2.00 .40 .50 1.90
25 .35 DD JES L.10 1.45 1.55 1.20 .60 1.00 1.55 1.25 .50
.60 1.75 .80 .65 1.40 2.00 .50 50 2.05
(continued)
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Table 9,

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 g . 10 11 12
Station 13 14 15 16 17 18 19 20 21
Frame 1.50 .45 B85 1.20 1.50 1.60 1.25 .60 1.10 1.65 1.10 L3
No. 29 .75 1.85 .90 .60 1.35 2.00 .40 .40 2.10
33 1.60 45 .70 1.30 1.60 1.75 1.25 .45 1.10 1.80 1.20 25
.65 1.95 1.00 .50 1.60 2.25 .40 .50 2.05
37 1.90 .60 90 1.20 1+70 T8 1.45 45 1.20 1.90 1.25 .50
.65 2.10 1.30 55 1.90 2.50 40 .50 2.:05
41 2.00 .50 1.05 .50 1.80 1.80 1550 +955 1:15 2:00 1.30 .50
.60 2.20 1.25 .55 2,20 2,60 1.00 .50 1.90

Framing Rate

= 57 frames/14 millisec. = 4,070 frames/sec

wet



Table 10.

Film Growth Rate Data For Run Number 3

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 g 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
.30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .55 .65 .60 65 .70 .70 .70 .65 .55 .55 .65 .70 .65
No. 1 .65 .70 .75 .65 .60 .65 Y 43 .75 .80 .70 .60 .60
5 45 .55 .85 .85 .90 .95 .95 .70 .40 45 .60 .60 +75
.80 .90 T5 .35 .40 .30 .80 1. 28 1.20 .70 .60 .40
9 .65 .55 .60 .70 .90 1.10 1.05 .90 .60 .50 :55 .65 .90
1:15 1.10 .05 .95 .50 .40 .50 .80 1.15 .50 .50 .50
13 .70 .55 .50 .60 .95 1.05 1.20 .95 =30 +35 .40 w25 1.05
1.40 1..25 .90 «33 .45 .40 .60 1,25 1.50 .60 .50 50
17 .80 ;55 .50 .70 .95 1:15 1:25 1.00 .60 .35 .45 .70 1.20
1.40 1.35 .70 .45 55 .50 .60 1.30 1.55 .60 .40 .50
21 .50 40 .50 .90 .20 1.45 1.30 .75 .30 .50 .30 .00 1.50
1.65 1.30 «53 .40 .45 .45 .85 1.65 1.55 15 .35 .45
25 <45 .50 =35 .85 S50 1.40 1.30 75 35 .70 .40 .65 1.50
1.60 1:25 +55 .40 - .40 .95 175 1.85 1.05 + 35 .50

(continued)
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Table 10.

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 3 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame .50 .55 .45 M 2o 1.50 55 1:35 .60 .35 .65 .30 .60 1.65
No. 29 95 1.15 45 .60 .50 .50 1.25 1.80 1.85 1.20 .60 .45
33 .45 .60 A5 .50 1.55 .85 1.60 .70 .35 .65 .60 .50 1.60
.70 1.20 «350 .55 65 55 1.40 1.85 2.00 1.70 .45 .55
37 .45 .65 .45 .50 1.50 .95 1.65 oI5 .40 .60 .40 .60 1. 55
.80 1.:35 .50 .35 .70 .60 1.40 1.90 2.00 1.65 45 .45
41 .45 .65 40 .60 1.50 .10 1.85 .80 .30 .55 .45 .80 1.70
.75 1.35 .50 40 .50 B0 1.45 2.05 2.05 1.65 .90 .60

Framing Rate

58 frames/15 millisec, = 3,870 frames/sec

T



Table 11,

Film Growth Rate Data For Run Number 5

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 ) 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 +30 .30 .30 .30 .30 .30 .30 .30 .30 .30
.30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .B5 .60 .60 ) .60 .65 .65 .65 Py 2 .70 .85 .70 .70
No. 1 .60 .70 .70 70 .75 .80 <15 .70 +35 .60 .70 .80
5 .80 P ) .80 S o s .85 1.05 1.05 1.10 1.15 1.10 .95 .60
39 .70 ;55 .60 1.00 1.25 1510 .65 .65 .80 1520 1.20
9 1.10 1.00 .85 .80 2 .80 1.00 1.5 1.30 1.30 T 25 .95 .70
.70 .90 1.20 1.40 1.50 1.45 .80 .45 .65 1.00 1.35 1.50
13 1.25 1,20 1.15 .90 <75 .80 1.05 1.20 1.40 1.45 1.25 1.05 .65
55 .90 1.15 1.35 1.40 1.45 .95 .40 .40 1.10 1.35 1.70
17 1.30 1.30 1,15 .95 .85 .75 .85 1.10 1.35 1.50 1.40 1.10 .70
<35 o153 1.25 1.50 1.65 1.535 1.20 .50 .45 1.30 1.45 1.90
21 1.35 1.35 1.30 1.05 1.00 .85 .85 145 1.40 1.55 1.65 1.40 .80
.40 .70 1,25 1.70 1.80 1. 70 1.20 .50 .40 40 174 1.95
25 1.50 1.65 1.50 1.25 1.05 .90 1.00 1.20 1.50 1.75 175 1.35 .70
.30 .30 1.20 1.70 1.95 1.75 1.20 .45 .50 40 | 2.00

(continued)
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Table 11,

(Continued)

Vapor

Film Projected Diameter - Centimeters

Frame 1 2 3 b4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame 1.60 .60 1.50 1.30 1.00 .90 .05 +35 <75 .80  1.80 1.45 .50
No. 29 +35 .35 1.00 1.80 2.20 1.90 w3 .50 .60 40 2,10 2.40
33 1.85 «75 1.65 1,300 1.00 1.00 25 .70 «95 .00 1.95 1.35 -40
.40 50 1.50  2.05 2.25 1.75 .80 .40 .60 40 0 2,10 2,40
37 1.80 +80 470 1.35  1.05 1.00 .20 .70 .00 .05 1,65 .95 .50
.65 S0 1.20 2,10 215 Ei75 «15 .50 .50 .10  2.70 2.60
41 1.90 .80 1.75 1,45 1.10 +95 .10 .60 .10 .10 1.65 1.00 .45
.40 .55 1.40 1.90 2.35 1.80 .85 .60 .55 .50 2.30 2.50

Framing Rate

= 31 frames/8 millisec

. = 3,880 frames/sec

elAl



Table 12.

Film Growth Rate Data for Run Number 6

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire 35 .35 .40 40 .40 .40 .40 .40 .40 .40 .40 .40 40
.40 .40 .40 .40 .40 .40 .40 .40 .40 .40 .40 .40
Frame
No. 1 .70 .65 .65 .60 .60 .60 .60 .65 .60 .65 .65 .60 « T80
.70 .70 .70 70 .70 .70 .70 .65 .60 .65 .60 .70
5 1.00 1.00 1.05 1.00 1.00 .95 .80 : 55 .50 .60 .65 .70 .90
1.00 <55 .75 =b5 .65 .70 .70 .80 .80 .65 .60 .60
9 1.05 1.20 1.30 «95 .90 . 80 .80 53 .55 .65 .80 .95 L.16
1.00 1.00 .85 .65 +33 .60 o s .95 1.00 1.00 1.00 .90
13 1.05 1.00 1.05 .50 .90 .90 .90 o 73 oy 75 1.15 1.25 1.20
1.25 1.20 .95 .85 .85 .70 .85 .75 .90 1.00 1.00 .95
17 1.10 .95 .85 .85 .75 .80 75 w3 .95 1.00 1,10 1.45 1.65
1.60 1.45 1,25 1.00 85 75 .80 .80 .90 1,65 L.E5 130
21 .80 .80 .85 .90 .90 .80 .80 .90 1.10 1.10 1.35 1.50 1.85
1.75 155 1.30 1.30 .95 .50 . 40 .70 oI5 .85 1.05 1.00
25 .85 .85 1.00 L. 15 1.20 .90 .90 1.00 1.10 1.30 1.45 1.70 2.00
2.00 T+ 75 1.60 1.25 .85 .40 40 .60 .85 .95 1.00 1:D

(continued)
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Table 12.

(Continued)

Frame

Vapor Film Projected Diameter - Centimeters

1L 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame .95 1.00 1.20 1.35 1.30 .80 -95 95 .90 1.30 1.60 1.90 2.10
No. 29 2.00 1.90 1.55 1.10 .50 .50 350 .40 93 1.15 115 1.10
33 1.20 1.20 1.20 1.20 1.20 1.00 .85 .8 1.00 1.30 1.80 2,00 2.20
2.20 2.05 1.65 1.10 .45 . 60 50 <40 75  21.200  1.35 1.25
37 1.20 1,05 1.20 1.20 1.35 .90 . 80 .90 1.30 1..70 2.10 2.40 2.50
2.50 2,200 1,75 .50 .50 .75 <50 <40 «75 1.50 1.50 1.40
41 1.20 1,10 1.10 1.10 1,30 1,05 .75 25 de30 1,700 2.20 2.30 2.60
2.60 2,20 1.80 .50 .60 .90 -65 .40 .55 1.30 1.60 1.50

Framing Rate = 23 frames/6 millisec., = 3,840 frames/sec

0ET



Table 13.

Film Growth Rate Data for Run Number 7

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
.30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .65 .60 .70 .60 .60 .60 .60 .65 .65 .60 .70 .70 .65
No. 1 .60 .70 .70 .65 .65 .65 .70 .70 .65 .65 .70 .70
5 .85 .80 75 .80 .70 .70 .80 <15 75 .80 .80 .80 . 80
.80 .85 Py < <75 .70 .70 .15 75 .70 .65 .70 .75
9 .85 .80 .75 .70 75 .80 .90 .95 1.00 1.05 1.00 1.00 1.00
.95 w5 .65 .70 .70 I & .70 .70 .70 .70 .80 .85
13 .80 .80 .90 .85 .90 1.05 1.20 1.25 1425 1.30 1.30 1.25 1.10
.95 .80 .70 5 i .80 .80 .90 .90 .90 .90 .90 .90
17 .90 .70 .50 w3 .80 1.00 1.25 1.40 1.60 1.40 1.50 1.40 1.20
.95 .95 .65 .50 .65 .80 .90 1.00 1.00 .90 .90 .90
21 o .40 +70  1.10 1.15 1.35 1.50 1.75 1.90 1.80 1.70 1.55 1.30
1.15 75 .40 .50 .85 .95 1.10 135 1:15 1.10 1.05 1.10
25 .60 .40 Py J0 1.35 1.55 1.65 1.75 1.90 1.90 1.80 1.55 1.40
1.25 .60 .50 .50 .65 .90 1.20 1.20 1.20 1.10 1.10 1.10
(continued)
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Table 13.

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame 40 .40 .90 52 135 1.70 .1.90 2.10 2,20 2.25 2.10 1.90 1.70
No. 29 1.50 .70 «50 75 .40 1.00 1.20 1.35 1.35 1.25 1.20 1.10
33 .50 .50 .70 .90 .40  1.90 1.90 2.20 2.25 2,20 2.00 1.95 1.70
1.25 .50 .60 .60 .50 .75  1.30 1:35 1.20 1,15 1.15 1.00
37 .65 .90 1.10 .95 .50 1.95 2.00 2,20 2.30 2.35 2,100 1,95 }1.70
.60 »55 i 3 .85 .60 .55  1.30 1.40 1.30 1.20 1.15 1.05
Framing Rate = 30 frames/8 millisec. = 3,750 frames/sec
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Table 14,

Film Growth Rate Data for Run Number 8

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 32 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 .30 .30 .30 .30 .30 .30 +.30 =30 .30 .30
.30 » 30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .45 .45 .50 .45 .45 .50 .45 .50 .50 .50 45 .45 .45
No. 1 .45 .40 .40 .40 .40 .45 .45 .45 .45 .45 .45 +45
5 .60 .60 .60 .65 .65 .65 .65 o <75 .70 .65 .60 .60
+55 .50 .60 i 1] .50 .45 . 70 1.00 1.10 .75 .60 .60
9 .90 .95 .95 .95 .95 1.00 1.00 1.00 1.00 «75 .50 50 .65
.60 .60 .60 .65 .50 .40 .80 1.50 1.65 .90 .60 .60
13 .95 1.05 130 1.45 1.35 1.25 1.15 1.00 .85 .80 .60 .50 .65
9 « 1D 75 .80 .65 .60 1.00 1.60 1.30 .90 50 .70
17 1.05 125 1.40 1.50 1.60 1.50 1.40 1515 .95 .95 .40 .60 .70
.85 1.00 1:10 .95 .50 .50 1.10 155 1450 1.00 .60 59
21 1.10 1.35 1.55 1.65 1.70 1.65 1.40 1.25 1.05 .35 .40 .50 .60
.90 1.30 1.30 .85 .55 .65 1.05 1.75% 1.65 1.30 15 .65
25 1.20 1.30 1.60 1.80 1.90 1.80 1.80 1.45 120 .40 .60 .65 40
.85 1.30 1.50 1.20 .70 .60 1.10 1.60 2.00 1.60 310 .65
(continued)
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Table 14,

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3
Station 14 15 16
Frame 1.30 1.50 1.60
No. 29 .50 1.20 1.40
33 1.50 r.70 115

.50 1.30 1.25

37 1.50 1.85 2.00

.85 1.40 1.25

41 1.40 220 2.20

.70 1.30 1.40

4 5 6 7 8
17 18 19 20 21
2,00 2,10 2,10 1.80 1.50
.90 .70 .70 1.10 1.65
2,10 2.30 2.00 1.75 1.50
.90 .65 .90 1.50 .95
2,40 2,40 2.20 1.95 .50
.90 .75  1.30  1.95 215
2.30 2.30 2.30 2.00 .35
.90 .95 1.50 2.00 2,30

.80
2.10

.40
2.10

.40
2425

.45
2.30

10 11 12 13
23 24 25

.40 .80 .80 .30
1.80 1.20 .70

.60 1.00 WD .40
1.90 1.30 .85

.90 1.10 .75 .40
2.05 1.35 1.00

.95 L.25 .80 «35
2.10 1.65 1.05

Framing Rate = 27 frames/7 millisec. = 3,860 frames/sec



Table 15.

Film Growth Rate Data for Run Number 9

Vapor Film Projected Diameter - Centimeters

Frame 1 2 "3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 .30 .30 .30 .30 .30 30 .30 .30 .30 .30
.30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .65 .60 .50 .50 .50 .50 .50 55 +355 .60 .55 .50 .60
No. 1 .65 .60 .65 .60 .50 «50 .50 .60 50 .50 .80 .95
5 .75 S .80 .90 .85 .90 .95 1.00 1.00 1.05 +95 .90 .80
.60 .40 .50 .60 .60 .60 . 60 .60 .50 .50  1.10 1.40
9 .60 .60 .70 & .90 1.10 1.25 1.30 1.30 1.05 1.05 .95 .90
+75 .65 .45 «55 .65 .70 .80 .70 < 55 .40 .70 1.40
13 .45 .60 .35 .65 1.00 1.20 1.35 1.45 1.50 1.40 1.25 1.10 1.00
. 80 .45 +35 .65 .80 1.05 1.20 1100 355 .40 .95  1.40
17 5D .35 .40 «35 .90 1.35 1.60 1.55 1.55 1.50 1.45 1.10 .60
.40 .50 .40 .50 .85 1.00 1.30 .90 « 55 .50 .80 1.60
21 .50 .45 .50 .45  1.00 1.20 1.70 1.90 1.95 1.75 1.50 1.00 .40
+55 .60 .60 .40 .90 1.30 1.35 1:15 .65 .60 .95 1.60
25 .40 .65 .85 .50 1.40 1.30 1.65 1.90 1.85 1.70 1.30 .40 .45
.70 .80 .50 .40 .95 1.30 1.30 .95 .55 .60 1.25 1.70
(continued)
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Table 15.

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame .60 .90 .85 .60 .30 1.75 1.90 2,00 1.90 1.70 1.00 .30 .70
No. 29 1.00 <95 L .40 1.25 1.40 1.35 .85 .60 1.00 1.60 1.80
33 .60 1.05 1.20 .85 .35 1.80 1.95 2.10 2,00 1.93 .70 .30 .65
1.20 1.10 .50 .35 .95 1.50 1.40 95 .70 1.00 1.50 1.80
37 .50 895 1,400 1,05 .40 1.20 2.00 2,20 2:05 2,00 1.2 .40 .50
1.20 1.40 .70 .30 55 135 155 925 .90 +95 1.300 1.70
41 .55 1.20 1.55 1.15 .40 35 2.20 2.25 2.05 2.05 .40 .30 .70
1.35 1.40 o L) .30 70 1.30 1.50 1.00 .95 1.05 1.30 1.55
Framing Rate = 39 frames/1l1l millisec. = 3,550 frames/sec
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Table 16,

Film Growth Rate Data for Run Number 10

Vapor Film Projected Diameter - Centimeters

Frame ¥ 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
.30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .50 .45 .40 .45 .45 .45 35 .50 + 50 .50 .50 .50 .50
No. 2 .50 .50 .45 .40 .40 .40 45 .40 .40 .50 it «70
5 .60 .50 .50 .65 .70 o ) .80 .80 .70 .70 .65 .70 .70
.50 .50 .45 .50 .50 .50 .50 .50 .40 .70 1.10 1.05
9 .50 i .65 .75 .90 1.05 1.05 1.10 1.05 .90 .90 .70 .60
.45 .40 .40 .60 .70 .70 .60 .50 .40 .70 1.30 .85
13 «35 .40 .65 .90 1.10 1.25 1.25 1.25 1:10 1.00 .95 .85 .60
.45 .50 .60 AT .95 1.00 .85 .50 .40 .95 1.35 1.00
17 .70 .45 .30 .85 1.20 1.45 1.45 1.50 1.40 1.30 1,00 .55 .35
.40 .45 +535 .80 1.00 1.15 .90 w25 +30 .90 1.45 1.20
21 45 .35 .30 .30 1.10 1.35 1.65 1.75 1.65 14+35 1.05 45 .45
.50 .50 .50 .60 1.15 1.15 1.00 .65 1.00 .60 1.25 1.55
25 .45 .40 .55 .40 1.35 1.35 1.75 1.90 1.75 1.50 1.05 33 55
<55 J55 .45 .75 1.15 1.30 1.10 .80 45 i 1. 1.50 1.65
(continued)
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Table 16, (Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 & 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame .35 .45 .60 +55 .30 1.20 1.85 1.90 1.80 1.40 .40 .30 .70
No. 29 .80 .70 .30 .65 1.25 1,35 1.20 .60 .50 .95 1.40 1.60
33 .45 .65 .90 .65 «35 1.80 1.75 2.05 1.85 1.05 .30 .45 .95
1.00 .50 .30 .80 1.45 1.45 1.20 .60 .65 1,10 %50 155
37 .50 .90  1.15 .85 .35 1.85 2.05 1.90 1.90 .70 .30 45 1:lS
1.20 .55 .30 .60 1.35 1.50 1.15 .70 .75 1.00 1.25 1.25
41 W45 1.05 1,25 .85 .30 2.20 2.20 2,05 1.90 25 .30 «55 1.30
1.25 .60 .30 60 1.35 1.600 1.10 .90 .80 1.10 1.40 1,30

Framing Rate = 32 frames/9 millisec. = 3,550 frames/sec
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Table 17, Film Growth Rate Data for Run Number 16

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12
Station
Wire «35 «35 .30 .30 .30 .30 .30 35 +35 .40 .40 .40
Frame
No. 1 1.00 1.10 1,00 1,00 1.00 1.00 <95 95 1.05 1.05 1.25 1.15
5 1.40 1.35 1.00 1.00 1.05 .85 .95 1.00 1.35 1.35 1.05 .95
9 1.40 1.35 1.05 .90 .90 .85 .65 1.00 1.45 1.60 1.30 1.10
13 1.80 1.80 1.25 1.15 1.00 .35 .55 1.05 1.60 1.45 1.40 1.30
17 2.10 1.75 1.50 .90 .90 .50 30 .50 1.50 1.75 1.50 1.50
21 2.25 2.05 1.65 1.50 .45 .65 1.20 .35 1.50 1.80 2.00 1.60
25 2,50 2.20 1.80 1.60 .40 .65 1.50 .50 1.55 2.15 2.00 1.80
29 2.55 2,50 2.10 1.20 .75 .50  1.90 .60 1.80 2.10 2.10 2.00
33 2.60 2,60 2.20 <35 1.20 .60 1.90 55 .50 2.30 2.40 2.35
(continued)
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Table 17, (Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 g 10 11 12

Station

Frame

No. 37 275 275 2.30 .90 .80 1.10 2.05 .60 .40 2.40 2,50 2.10
41 3.00 3.00 2.40 .60 .40 1.50 2,03 .60 .65 2.20 2.70 2,10

Framing Rate =

23 frames/6 millisec. = 3,830 frames/sec
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Table 18.

Film Growth Rate Data for Run Number 19

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12
Station 13 14 15 16 17 18 19 20 23
Wire 35 35 35 .35 .30 .30 .30 .30 <30 25 .30 .30
25 .30 «25 <30 .30 .30 .30 .30 «35
Frame .65 .65 .55 .65 .65 .65 .65 55 35 .60 .65 .60
No. 1 .60 .60 .65 .65 .60 .60 .60 .65 .65
5 .70 .65 .60 .80 .95 .90 .65 .70 .80 .80 « 10 .70
.70 .50 .90 . 80 .90 .60 .85 .95 .90
9 o ] S5 .70 90 1215 1.15 .70 .65 .70 .85 .85 .85
.80 .40 .90 1.10 .85 35 .95 1.20 .95
13 o o0 .80 .85 1.20 1.25 .80 .90 1.10 1.10 .70 .85
.85 .35 1.00 1.20 .80 .65 1.05 1.35 .85
17 .80 .80 .90 90 .30 EiAS 75 .95 1.15 1.15 oy .85
.85 .45 1.20 1.45 1.05 .70 1.05 1.45 .90
21 1.00 1.00 1.05 .90 1.20 1.15 .60 1.10 1.40 1.30 .80 1.00
1.00 .30 1.15 1.45 1.10 .60 1,10 1.35 .85
25 1.05 1.00 1,10 1.00 1,20 1.00 55 1.15 1.55 1.35 .90 1.10
L2585 35 2.05 L.45 .70 .60 1.20 1.40 .90
(continued)
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Table 18,

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12
Station 13 14 15 16 17 18 19 20 21
Frame 1.05 1.20 1.20 1.05 1.00 .95 .45 .95 1.55 1.55 . 85 1.15
No. 29 1.25 .40 .90 1.45 «75 45 1.50 1.55 ey L5
33 1.10 1.25 .25 20 1. 08 1.00 +35 .90 1.60 1.50 .90 1.30
1.20 35 .90 1.50 ..80 .60 1.50 1.55 .70
37 1.20 1.35 .25 1.25 1.25 1.00 35 .80 1.50 155 .95 1.: 30
1.25 .40 .85 1.70 .60 .50 1.55 1.50 .50
41 1.30 1.40 1.35 Y25 1.50 .85 .35 .80 1.65 1.40 1.00 1.45
1. X0 S0 .90 1.75 45 .50 1.70 1.50 .40

Framing Rate = 35 frames/9 millisec. = 3,890 frames/sec
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Table 19.

Film Growth Rate Data for Run Number 20

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12
Station 13 14 15 16 17 18 19 20

Wire. .40 .40 3D «33 .30 .30 .30 .30 .30 .30 .30 .30
.30 . 30 .30 «+30 .30 .30 »30 .30

Frame 45 .40 .45 .50 .50 .50 .50 .45 .45 .40 .40 <45
No. 1 .40 .40 .40 .45 .45 .40 .40 .45

5 .60 e i) + D3 .60 o .75 S .80 .65 .65 .55 s
+55 .35 .75 1.00 .55 .45 75 .95

9 .60 .60 .65 .75 o i .85 «55 .65 .90 .70 .60 .85
.65 .35 .70 1.05 .50 .35 A5 Y25

13 .70 .70 3 ] «70 +B3 .65 .50 .70 1.00 .95 .65 1.00
.80 .45 1,00 1.10 .60 .50 .85 1.55

17 .80 .85 .80 A .85 .40 .50 .95 1.15 1.10 .50 1.15
.90 .45 1.30 1.25 45 .50 .95 1.90

21 .90 .90 .95 .95 .85 45 .35 1.05 1.20 .90 .60 1.30
.70 .45 1.30 1.35 .40 .60 1.00 1.80

25 1.00 1.00 .90 .90 .80 .60 .40 1.20 1,35 .60 .60 1.35
.55 .30 1.45 1.65 .35 .40  1.20 1.80

(continued)
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Table 19.

(Continued)

Vapor Film Projected

Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12
Station 13 14 15 16 17 18 19 20
Frame 1.20 1.10 .95  1.00 .90 .40 .40 1.20 1.55 .60 .60 1.60
No. 29 .50 40  1.15 1.70 .60 .35 1.40 1.85
33 1.10 1.25 1.00 1l.05 1.00 .40 .50 1.10 1.85 .65 .65 1,55
.60 .45 1.15 1.60 «50 .35 1.20 1.65
37 .25 1.25 105 1,15 1.05 .45 +35 .75  1.90 .75 .30 1.60
.85 .45 1,00 1.55 .40 w3 1:200 1.75
41 1.10 1.35 1.05 1.15 1.20 .35 .65 .70  1.90 .65 .40 1.85
.90 .90 1.05 1.85 .60 .70  1.30 1.80

Framing Rate = 31 frames/8 millisec. = 3,880 frames/sec
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Table 20, Film Growth Rate Data for Run Number 21

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12
Station 13 14 15 16 17 18 19 20 21
Wire .35 +35 .40 .40 .40 35 40 .35 +35 .35 .35 .35
35 +35 .35 .35 .35 .35 35 +35 .35
Frame .60 : 35 .65 .55 +«35 .60 .65 .55 .50 .50 .50 .55
No. 1 .65 .65 .60 .55 .55 40 .50 <55 .50
5 .80 .85 .70 1.00 .95 .80 .80 .85 .85 .80 .95 +35
1.30 .90 .80 1.00 515 .65 .80 1.00 1.40
9 .90 .80 .60 .90 1.10 .85 1.05 .95 .85 95 1.20 .45
1.75% 1.30 .85 1.25 .85 .80 .60 1.30 1.75
13 .90 .70 .75 .90 1,20 43 1.10 .85 1,05 .95 .95 .75
1.95 1.35 .80 1.25 .75 .90 .65 1.15 2.00
17 .85 <75 75 .85 .85 .95 1.00 .95 1.00 1.05 .90 .70
2.10 1.55 .75 1.25 1.10 .95 .80 1.45 2.15
21 1.00 .80 .75 1.25  1.15 .90 .90 .95 1;10 1.05 .85 .60
1.85 1.60 .65 .95 .80 .75 .55 1.00 2.40
25 .80 .85 +15 1.15  1.20 1.00 <95 .90 95 1.00 .60 .65
2.00 1.85 .65 .90 .80 70 .65 .85 2.40
(continued)
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Table 20.

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12
Station 13 14 15 16 17 18 19 20 21

Frame 1.00 .80 .80 1.10 1.30 1.00 1.00 .90 .85 1.5 .75 L
No. 29 2.00 2.00 .75 .95 .95 o A .70 .90 2.60

33 1.00 .85 .75 1.15 1.25 1.00 1.00 1.00 1.00 1.10 .50 .95
2.05 1.95 <y L .95 1.00 .80 .80 1.00 2,60

37 1.20 .85 .70 1.15 1.25 .95 1.05 1.00 1.00 1.10 <35 R o)
2.10 1.85 .70 1.10 1.05 .95 .45 1.10 2.40

41 1.20 1.00 7 1:15 Y25 .90 1.05 1.05 1.00 1.20 .40 1.00
2.15 1:85 .80 1.20 1.05 .70 .50 1.50 2.40

Framing Rate

= 22 frames/6 millisec. = 3,670 frames/sec
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Table 21.

Film Growth Rate Data for Run Number 22

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
S tation 14 15 16 17 18 19 20 21 22 23 24 25
Wire 35 R 4 .30 435 .35 .40 .30 .30 .40 .40 .40 £35 .35
30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .80 75 .80 .70 .60 .60 .50 .50 .60 .70 . 80 .80 .80
No. 1 .75 . 80 .70 .70 M o .75 TS .70 .70 .60 =55 .50
5 1.20 125 L35 115 .60 .95 .60 .70 .85 1.20 1.40 1500 1.55
1.40 1.40 1.20 1.00 .90 1.40 1.25 1.10 .85 .90 .80 .70
9 1.35 1.50 1.55 1.30 .90 .80 .80 .70 7 il 1.00 1.75 1.80 1.80
1.70 1.55 1.25 1.15 1.15 1.40 1.50 1.20 .60 .60 .70 .65
13 1.55 1.60 1.55 1.25 .85 .85 «95 70 .70 .90 1.50 2.20 2.15
2.00 1.75 1.70 1.30 1.25 1.50 1.65 1.35 .85 .70 .90 .60
17 1.70 1.90 1.50 1.35 .80 .85 .80 .75 =75 .70 1.30 2.50 2.50
2.10 1.95 1.70  1.55 1.50 1.55 1.60 1.40 1.10 . 80 .80 75
21 2.05 1.95 1.65 1.00 .75 1.10 .80 .75 .70 .70  1.35 2.30 2.50
2.20 2.20 1.75 1.50 1.65 1.80 1.85 1.65 .95 .60 .60 .70
25 2.10 1.95 1.80 1.25 .85 75 +75 .70 .70 .60 1.35 2.60 2.25
2.30 2.00 1.70 1.45 1.70 1.95 1.80 1.40 .40 .50 .60 .80
(continued)
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Table 21, (Continued)

Vapor Film Projected Diameter - Centimeters
Frame 1 2 3 4 5 6 3 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame 2.10 2,100 1.85 1.35 o .85 .80 .60 .40 .70 1.70 2.30 2.35
No. 29 2.30 2.00 1.70 1.60 1.85 2.00 1.75 1.20 .50 .50 .70 .90
33 1.85 2.35 1.90 1.30 .60 .80 .70 .60 .50 .75 1.65 2.30 2.40
2.10 1.85 1.70 1.70 1.80 1.80 1.75 1.30 .65 .65 o & .85
37 1.90 2.30 2.10 1.50 <75 .70 .70 .70 .50 40  1.70  2.40 2.55
2.10 1.75 1.70 1,70 1.75 1.80 1.75 1.20 .50 .70 .80 .80
41 1.60 2.20 2.05 1.45 «75 o .60 .65 .60 .35 1.70 2.50 2.60
2.30 .75 1.80 1.75 1.75 1.75 1.80 1,50 .70 .60 .60 .80

Framing Rate = 30 frames/8 millisec.

= 3,750 frames/sec
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Table 22,

Film Growth Rate Data for Run Number 23

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30. .30
.30 .30 .30. 30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .75 15 .70 .70 .65 .50 .65 .70 .70 .70 .70 .70 .70
No. 1 .75 .60 .60 .65 .60 .60 .65 .60 .55 .60 .55 .60
5 1.50 1.35 1.30 1.05 o .70 .70 1.00 1.40 1.35 1.30 1.30 1.30
1.10 1.00 .95 1.00 .90 .65 .65 15 .65 .60 .50 .50
) 1.65 1.60 1.25 .90 .65 .65 55 1.05 1.20 1.50 1.65 1.40 1.05
1.20 1.00 .95 1,00 1.10 .80 .85 .85 .75 ido .15 .70
13 1.85 1.55 1.20 .80 .70 .75 .65 1.20 1.40 1.60 .170 1.50 1.35
1.60 1.35 1.25 1.05 .90 .90 .90 .95 .95 .70 .50 .50
17 1,75 1:55 .95 <75 .60 .75 .70 130 1.0 1.65 1,990 1.65 I.55
1.50 1.40 1.25 1.05 .95 1.00 1.00 1.10 1.20 .70 .40 .40
21 1.95 1.75 1.10 .70 .60 .40 .30 1.00 1.65 1.75 1,70 1,70 1.70
1.55 1.50 1.35 .95 1,00 1.00 1.10 1.10 1.05 .60 .65 .80
25 1.95 1.90 1.30 .70 .60 <55 50 .65 1,70 1.85 1.85 1.8 1,75
1.60 1.0 1.50 1.10 1.00 1.10 1.20 1.30 1.00 .60 .40 .80

(continued)
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Table 22,

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 5 5 6 7 8 9 10 11 12 13
Station 14 15 16 X7 18 19 20 21 22 23 24 25
Frame 2.20 1.0 1.30 .70 .40 «35 .30 .30 1.55 2.00 2.20 2.00 1.75
No. 29 1.65 1.0 1.50 1.25 1.10 1.10 1.30 1.35 1.10 .70 o, .70
33 2.30 2,05 1.20 .40 .65 .80 .60 .50 1.75 2.05 2.05 2.00 1.95
1.85 1.60 1.50 1.25 1.00 1.05 1.50 1.20 .70 .40 .40 7D
37 2.15 1.75 .90 +35 .65 .90 +95 .35 1.70 2.05 2.20 2.00 1.90
1.95 1.60 1.45 1,20 1.10 1.15 1.35 1.20 +35 .45 .60 W,

Framing Rate = 34 frames/9 millisec.

= 3,780 frames/sec
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Table 23,

Film Growth Rate Data for Run Number 24

Vapor Film Projected Diameter - Centimeters

Frame 1 ) 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
.30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .70 .65 .60 .55 .55 .60 .60 .70 .65 .70 .65 .65 .65
No. 1 .65 .65 .60 .65 .60 .60 .60 .60 .55 .50 .60 .60
8 1.30 1.39 1.25 .65 .60 .50 .60 .75 1.10 .85 .85 .80 .80
.90 .85 .85 .85 .85 » 70 .70 .60 15 .70 .75 .70
9 1.40 1.60 .70 .50 .50 30 .65 .90 1.00 .95 1.00 1.00 1.00
1.10 1.10 1.05 1.00 1.10 1.00 .15 .70 .80 .80 .85 .95
13 1.30 1.35 .70 .40 .40 35 .50 .80 1.00 1.10 .85 1.10 1.10
1.30 1.25 1.25 1.20 1.10 .90 .85 .90 1.00 1.00 .85 .90
17 1.50 1.10 40 .40 40 .30 =33 1.00 1.10 1.00 1.00 1.05 1.30
1.45 1.45 1,40 1.30 115 15 .60 .70 .90 .90 75 .70
21 1.60 1.25 .40 .40 .70 .50 .40 45 1.00 1.00 .95 1.00 1.15
1.50 1.50 1.50 1.35 1.25 .80 .60 .60 .75 .85 .80 .75
25 1.65 1.35 A5 .60 .85 75 .45 .35 .95 1.05 .95 .95 1.30
1.65 1.70 1,70 1,60 1,75 .95 .70 .70 B 13 .95 .80
(continued)
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Table 23,

(Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame 1.75 1.05 .65 .55 .85 .80 .45 +35 .50 1.00 .90 1.05 1.30
No. 29 1.80 1.90 1.70 1.65 1.40 .65 =55 .65 .95 95 .95 .90
33 1.65 .65 o33 .80 1.15 .90 .35 .40 .40 .90 .90 1.05 1.40
1.75 1.95 1.90 1.60 1.20 .60 .30 .65 1.05 1.00 1.00 1.00
37 1.70 + 35 .35 .80 1.30 1.10 .40 .60 .50 .40 .90 «95 1.45
1.85 2,10 2.10 1.75 1.35 .50 .45 .60 1.10 1.30 1l.10 .90
Framing Rate = 27 frames/7 millisec. = 3,860 frames/sec
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Table 24,

Film Growth Rate Data for Run Number 25

Vapor Film Projected Diameter -~ Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 .30 .30 .30 .30 .35 .35 .35 .35 .35 .30
.30 .30 .30 .30 .30 .30 .30 .30 .30 .40 40 .40
Frame .65 .60 .50 .40 o35 .40 1 .55 .60 .65 .70 .60 .65
No. 1 .65 .65 .55 .50 .55 .60 <55 .55 .50 .55 .55 .55
5 1.25 .95 .85 .45 .60 .50 «55 .95 .75 1.10 .65 1.00 1.10
1.10 .70 .75 1.00 .85 .80 .70 .65 .60 D .75 .80
9 1.35 1.40 .80 .60 .80 .50 .60 1.00 1.30 1.30 1.20 1.10 1.20
1.00 1.10 1.00 .95 .85 .80 .65 .50 .70 .70 25 .75
13 1.45 .90 .55 .65 JI5 .50 45 1.05 1.10 1.30 1.25 1.20 1.30
1.15 1.00 1.05 .95 .90 .75 .60 .45 .95 .85 .85 .80
17 1.30 .85 .35 .70 .80 .60 .40 1.10 1.25 1.35 1.20 1.10 1.00
1.15 .15 1.10 11..10 1.00 .80 .85 .85 .85 1.00 .95 .90
21 1.45 .75 .55 .85 .85 .40 .50 .90 1.35 1.20 1.20 1.10 1.05
1.15 1.20 1,20 1.25 .95 .40 .35 .45 .70 1,00 1.00 1.00
25 1.10 .85 .40 .90 1.00 .60 .40 .70 1.50 1.20 1.20 1.15 1.10
1.20 1.30 1.30 1.45 1.00 .40 .50 .40 .70 1.00 1.25 1.00
(continued)
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Table 24, (Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame 1455 .60 45 .90 1.15 .55 +35 + 35 1.05 1.50 1.25 125 1.20
No. 29 1.25 1.35 1.50 1.45 o i .40 .70 .50 .40 1.05 1.30 1.20
33 1.70 .80 .45 1.05 1.25 .80 .35 .35 .60 1.45 1.30 1.25 1.35
1.30 1.50 1.65 1.50 .60 .50 .85 45 .35 1.15 1.35 1.25
37 1.65 .55 .60 1.10 .80 .75 .40 .35 .30 1.35 1.40 1,30 1.40
1,45 1.60 1.80 1.50 .30 .50 .85 .60 .40 . 80 1.30 .35

Framing Rate = 23 frames/6 millisec. = 3,840 frames/sec
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Table 25,

Film Growth Rate Data for Run Number 26

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 4 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Wire .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
.30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30 .30
Frame .60 .65 .60 .50 .40 .60 55 .70 .70 .80 By .70 .70
No. 1 .60 .60 .60 .55 <55 «55 .55 «55 .55 .50 .50 .50
5 1.45 1.40 1.30 .85 .80 .80 .70 1.20 1.30 1.25 1.10 .90 1.00
.85 515 .80 .75 75 .75 .70 =05 .60 e ) .80 .85
9 1.55 1.35 .70 .60 .60 .60 .90 1.30 1.50 1.40 1.40 .95 1.25
1.10 1.10 1.00 .95 .90 .85 .80 .55 .65 .90 .85 .80
13 1.65 1.20 .65 .55 .60 40 + 65 1.45 1.40 1.30 3 E% 1.10 1.05
1.10 1.05 1.05 1.00 1.00 .80 .50 .60 .80 .90 1.00 .80
17 1.40 .95 .65 .70 .60 .40 .65 1.30 1.40 1.20 1.10 1.00 1.20
1.30 1.20  1.20 1.15 .95 45 .70 .70 .80 .85 .85 .80
21 1.55 1.15 .65 .60 .70 .70 .30 1.10 1.50 1,30 1,20 1.05 1.30
1.50 1.50 1.30 1.30 1.30 .50 45 .70 .90 .95 1.00 1.00
25 Y75 1.10 .50 .80 .75 .60 .40 .85 1.35 1.35 1.15 1.05 1.30
1.55 1.55 1.35 1.30 1.15 .60 .55 45 .85 1.00 1.30 1.20
(continued)
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Table 25.

{Continued)

Vapor Film Projected Diameter - Centimeters

Frame 1 2 3 L 5 6 7 8 9 10 11 12 13
Station 14 15 16 17 18 19 20 21 22 23 24 25
Frame 1.50 .70 .50 .85 .80 .55 .50 .95 1.50 1.30 1.15 1.10 1.35
No. 29 1.55 1.70 1.50 1.50 .60 .50 .60 .40 .80 1.20 1.30 1.30
33 1.20 .40 .60 .90 .90 .45 .40 .85 1.35 11..20 1l.10 1.15 1.30
1.60 1.65 1.70 1.35 .40 .60 .65 .40 .80 1.30 1.35 1.35
37 .90 .60 «85 1.25 .95 .40 «35 .80 1.40 1.30 1.15 1.20 1.45
1.65 1.75 1.80 1.20 .50 .70 .60 .40 .70 1.35 1.60 1.50

Framing Rate = 27 frames/7 millisec. = 3,860 frames/sec

96T
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APPENDIX H

COMPUTER PROGRAM LISTING



solution of Equation (2.37).

The following computer program listing is for the numerical

be found in Chapter IIT.

(=N =]

111
600

610
618

MATN TFBNT

Appendix H

TRANSIENT FTLM BOILING

COMMON RHOV

LTSAT, THALL,PRPpTLM,TLIG,

CONDVDTIFFVsRWALL»CONDLMaTyLSL M,

2THRITFTSTART,,GMI Lo NsNWRs JI» TRRITE s ZWRITES(C

DIMENSTON Y1320yl )s801)sRC1ISDELYCTI,PDCL)2SDCT1)aYSC1DaDYST(L)
1¥YSTC1 s YSIMPCY)
1

THFEG»

TEND,DRCY0),COEFOV,EXPPRN,H, J2,

REAN(S600,Fan=1112) RHOysEXPPANSCONDY,DIFF o RWALL » CONDLMaTyISLM

FORMATC7ELD

REAND(S+610)THFGs TENUS

8

FORMATCTFLI0.8,110)
FORMATCAFTIO,4,15)
REANDCS 61830 ¢ 1 )R RADSTSTART #RUNND

Y(1)=RAD
WRITE(H,ALY

i)

FORMAT(IH »23x"COMPUTER INPUT yALUES®//)
WRTITE ¢6s a1 1 VRHOVLEXPPRNy CONDV DIFFV2RWALL » CONDLM, TYISLMeTHFG, TSAT,
ITHWALLPROTLM,TLT Qs CUEFOVLTEND,TSTART,ACI3,R(L),Y(1)sNNR

FNRMAT(IH »

W OB L PO e

602
622

623

629

630

INITIALIZAT
Jt=0

*J2=0
T=0,
NEL=,00001
IFvD=0
ITRKe=1
NTRY=1
{FRR=0
N=1

?0H
2UH
71H
MK
21H
214
ZiH
™A
Z1H
T1H
nN

RHOV=sE10,4,13H
CONDN=2E1048,13H
RWALL=»E1044,13H
TYISLMEsE10athal3H
TSAT=2F1Dsb,13H
PROTLM=sF10.8,13H
COEFOV=sF10+4,13H
TSTART=sE40,8,13H
ROL)=2E10«0513H
NWH= [10//)

TEND=TENN=TSYART
TWRITEFSTFND/NWR
IWRITF=TWRITE /NWR

ML =144, 43500,

WRITE(6,ADD

WRITE(A,A22

Y RUNKD
FORMAT (1 (e 0dxs™RUN NUMBER="s1da////)

Al

FORMAT(1Xs45%,"RUBALE GROWTH HISTORY" /)

WRITE(AsA21

]

TSAT» THALLsPROTLM-TLIQsCOEFNVANKR

EXPPRN=2E1D.4 ¢

DIFFV=sEL10,4
CONULM=»EL0,4
THEG=eF 10,4
TwALL=»F10,4
TLIG=rF 10,4
TEND=»F10,4
ACl)=sb10,4
YCl)=rE10,4

T e T T

FNARMAT (11, "TTME s 11 X» "BUHHLE RADINS"»SXs"INTFACE VELQUITY™,6v,
IMCONDUCT 1ONP 1N, "CUONVECT LON™s /o 69X o "EAT FLUXY ATPsBXs"HEAT FLUX A
2Tmy sa TN, " INTERFACE™ s 1 X "INTERFACE s 5 10X "(SEC)I™ s 16 Xa™(IN)"s 12V
ITCIN/SECYI™, 9™ (BTU/HR SWU=FT)",4X,"(RTU/HR SQ=FT1)%//)
YeNYrboRoToDEL 2 Ns [FYD2 IEKPsNTRY » YERRDEL Y
1PD, S0, YSsYST,DYSTSYSTMP)

CaLL RKS(

WRITE(62A29

]

FORMATCIX»///»21%s "BURHLE VELOCITY ANpD ACCELERATION®//)
WRTTECA,AZND

FORMATCLAXs "TIMES 11K,

TN 25 13X, " (SFCIT, 13X CIN/SEC) ™ s 18Xs M IN/SEC™SQ@IM//)

1=2 ,*THWRITE

N2ANT25(=3,+*NR{1)I+4.»DRI2I=DR(3)I/7

TIME=0«#TSTART

WRTTE(H:632VTIME, DRI IS ND2RDT?

WINTFACE VELDPTITY"»SXs"INTFACE ACCELERATID
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A description of Lhe compuler program may



632

626

OO0 OO0

627

1009

1112

20

25

30

159

FNORMAT(2E20.A,E25,42

nn A28 K=2»""WRr
N2ROT?=(NR{X+1)I=pR(K=111/2
TIME=(K=1 )« 7WRITF+T5TART
WRITE(6,AI2NTTIMF s DR(K)s D2RNT2
TIME=NYR&«ZWPTTE4TSTART

NZRNTZ2=( 1, #+"NP(NWR+1 )+DR(NWR=1 =4 . *DRINMyR) )/ L
WRITE(A»A32YTIMFDRINKR+12502RDT2
7Z2=2 . %*THRITF

ND=NWR+Z2

NDN=2 , 0xNpR={

NN A27 K=NDsNDD
DZRNT2=(NR(¥+1)=DRCK=1)}/ZZ
TIME=(K=20)+TWRITE+TSTART
WRITECH»AI2 1T IME2DRIK)I»>N2RDT?
TIME=TENNR+TSTART
N2RDTZ=(3,0+nNR(NDD+II+DR(NDD=1)=8,N*Dp(NNDII/22Z
WRITE(&s A32YTTIMESDRC40)sDZ2ROT2
WRITE(A>100%)

FORMATC Y o 27700 020800000
Go TO 1111

STDP

END

SURRNUTINE RKSC YoDYrAsRsT,DELSN» IFYD» TBKPsNTRY S
11ERRsNELYsPN, 8D Y¥S2YSTaDYSTH YSIMP)

DIMENSTON Yru)eDY(NI2ACNYI»RIN)SUELY(NY,
IPDCN YIS SDINYe¥SCNY»DYSTENY» YST(N)» YSIMP(N)

FR10 1S FIFTH RNOT OF TEN

FRIN=1.5%4R%32

[ERR=0

Ys CONTATNS v VALUES AT LEFT END PnINT OF INTEGRATION INTERyAL

YSIMP cONMTATNG ¥ FOR SIMPSONS RULE eHECK CHECKk NOT MADE FOR
FIYED STEP MODE 1SYMP IS5 CUNTROL PARAMETER =1,FIXED,2 VAR

1F FIxFp STEP SIZE @0 ONE INTERYAL nf LENGTH DELY AND RETURN TN
fNTRL, TF VAR GO Tw0 INTERVALS RFFORE RETURN TD CONTHL

IFYn = 0 VARIABLE INTERVAL
=1 FIxED
TrkPr = 0 cuT INTERVAL NNCE BEFORE REPEAT (¢UNDER 1FyD=0 )
= 1 cUT AS REQUIRED
NTRY = 1 ConNTINUE INTEGRATING
2 RETURN FROM RKS
3 STEP REPEATED WITH NEW DELT
4 RESTART
IERR = 0 NRRVAL
-l NELT=0s, RETURN FROM RKS
1 ACIY+ RCTIDI#ABS(YC(T)YY = 0, , RETURN FROM RKS
IFCNEL) 20s10,20
1ERR==1
6N TA 270
CALL PERTV(Y,nY,T)
NTRY=1
CALL CNTRL(Y,DY»DELsT,NTRYsIFVD)
NNT=0FL
IFCIFVN) 40230240
1SYMP=?

NELT=DEL/2.



31

60

70

80

85

90

95

100

120
130

140

150

on 31 I=VsN

SNCTIX=0,0

IFLAG=]

S=1.

G0 TO 45

15¥YMFP=1

NELT=NFL

nn 48 I=1,M
YSTCIY=YL1)
DYSTCIY=NnYC(T)

N &0 I=1,.N
NDELYCT)=NELT«NY(T)
PDCTI=DELYCT)
CONTTNUE

GO TO (BOsT7NYs ISYMP
np 71 T=1sN
SDCY)=SPCIY+S+DYCI)
T=T+DELT/2.

nn 85 I=1sN
YSC1)=Y(T)
YCTISYSCYYIHNELYC(T) /2,
CONTINIE

CALL NDERTIV(Y,NY,»T)

no 20 T=1sN
DELYCT)=NELT&DYC(D)
PD(TII=PDCI)+2,.*NELYCD)
YOTI=YSCTIenpLY(T1)/2,
CONTINUE

CALL DERIVIY,nY»T)
no 95 I=z=1,N
NELY(T)=NELT+pY( 1Y) )
PDCIX=PDCL1)+2 ,*#NELYC(])
¥YCOI)=YSCID+NELY(TD)
CONTIMUE

T=T+DELT/2,

CALL DERIVIY,nY»sT)
D0 100 I=1,M
NELYCT)=NELT*DY(T)
PDCTI=PDCIY+DFLY(])
YOTI)=YSCT)4PN(Id sk
CONTINUE

G0 TN C110,120)s TSYMP
NTRY=1

CALL RERTV(YsDY»T)

CALL CNTRLCY,DY,DELsT,NTRY2IFVD)

60 TO 300

GO TO (130,400, JFLAG
S=ﬂo

IFLAG=?

CALL DERTV(YsNY»T)

GO TO S0 ,

CALL DERTV(YsDYsT)

AMAX =0,0

00 180 I=i,w
SD(1)=S0¢I1)+nY(1)
YSIMP(T)aYSTCI)+DELT*SDCI}/ 3,
n =ABS{Y(T)Y=YSIMP(L))

G =ACTIY+RCTHI*ARS(Y(I))
1Fece y 160,150,160
TERR=I

G0 1O 270

160



160
180
215
300
310
330
340
185
190
200
210
220
230
249
250
251
255%
257
259
245

270

641
1003

1005

1004

1001

E =ARS(D /C )
AMAX=AMAX] (AMAXPE)
CONTINUE

TF(AMAX=1,) 215,215,230
NTRY= 1

CALL CNTRL(YsDYsDEL2T,NTRY,IFVD)
IF(NTRY=1) 1R52185,310
IF(NTRY=2) 270»?270+330
TF(NTRY=3) %402340s5
T=T=DDT

IFCDELY 2595102259

GD TN (40,1902 T1SYMP
IFCAMAX=.75Y 200,252220
TFCAMAX=,075 210229525
DEL=NELsFR1N

60 70 25

DEL=DEL/FRLD

6N 10 25

1 =1+ IBKP

G0 TO (24075021
T=T=NFL

NEL=DEL/FRLN

30 TO 25§

J=1

AM=AMAX /10, %+
IFC1.=AM)Y 255,257,257
J=g+1

G0 TN 25%

T=T=DEL
NEL=DEL/(FRIO**J)

nn 245 I=1,M
NYCTYI=NYSTCT)
YOT)I=YSTCD)

G0 TO 25

RETURN

E£ND

SUBROUTINE ANTRLCYsUY,DEL»TNTRYSIFVD)Y

DIMENSTON Y€1y DY(1)

COMMON RHOVS» CONDVDIFFVsRWALLsGCONDLMsTYISLM,
1TSAT»THALL sPRDTLM»TLIQ,
ZTWRITESTSTARPT, OMULs Ns NWRs J1» TRRITE s ZwRITE»CC

IFCJ2,EQ,0) an Tn 1004

[FeJ2.EQ. (nWr4lyy GU TO 1006

IFCaBSCT=TRRYITE).LT+1.0F~06) GO TO 1004

IFCT=TRRITEY 1003,1004,1005

NTRY=!

RETURN

DEL=DFL=T+TWRITE

NTRY=3

RETURN

J2=J2+1

TRRITE=J2%ZWR(TE

R=Y(1)

NRCJ2)=DY (1)

Q=((B J}/RI*qmUL

BC=CCC/RI*AMUL*SARTLABS(DY(1)))

7=T+TSTART

WRITE(H6510013Z2R,DR(J2)5Q2QC

FORMAT(SE20.4)

THFG»

TEND,DR(A0)sCOEFNV,EXPPRN B

=

F-—l

J2,
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NTRY =1
RETURN

1006 1F¢J1+.FQ.0) TRRITE=2,%*TWRITE
1F(ABS(T=TRPITE),LT+1,0E=U6) GO 7O 1007

IFCT=TRRYTFY 1003,1007,1005
1007 J1=g1+1t

TRRITE=CJ1+?)«TWRITE

R=Y(1)

NRCJI+NWR+1)=nY (1)

Q=(R/R)» QMU

QC=C(CC/RYI«AML*SQRTCARSCDY(1)))

7=T+TSTART

WRITEC6,1001) ZsRsNDRCJL+NKR+1)»G2QC

NTRY=1

IFCJ1.EQ,(NYa=1)) NTRY=2

RETURN

END

SURROUTINE NPERIVcY»UY,T)

DIMENSION Yf13)s DYC(1)

COMMON RHDV» CONDVsDIFFVsRWALL,CONDLMsTyLiSLM, THF G»
1TSAT>THWALLsPRDTLMsTLIQS TEND,DRCA0)» COEFDYSEXPPRNsH» J2»
2TWRITE ,TSTAPT,QMILsN,NWR,J1,TRRITE ,ZWRITE,CC

IFCT«LTal,0F=06) GO TO 161

ABx (Y1) w223 /04 ,0*DIFFV=T)

AC=(RWALI #%? )/ (8, *UIFFV=T)

Tx=(¢=E£1(AB)+E1(AC))

Bz=2 , #CONDYV*(TSAT=TWALLI*EXP(=AB)

ITFCTX,NE,O0) R =RB/TX

TFCTX.EQ,0) 3=0,0

164 AA=(RHOV+#THFR«Y(1))
C==(CNEFNY /2 ,#CONDLM* (PRDTLM*#EXPPRN)I % (TSAT=TLIQ))/C(SURT(TVISLM))Y
CC=C+*SART(2.+Y¥(1))
TIF(R«FR.n) An Tn 2013
NYC1I=CCCC+SART(CC**244 ,0%AARE) )/ (2. 0%pA))#%2
RETURM
2013 pDYC1)=(Cc/AN ) «ARS(CC/AA)Y
2012 RETURN
161 Rz0,.0

GO TO 164

END

FUNCTINON E10¥%)

COMMNN RKOVa CONDV,DIFFVsRWALL»CONDE MsTyISLM, THFG»
1TSAY,THALL»PRDTLM,TLIR, TENDSDRCLO)»COEFOV,EXPPRNSH, J2,
2YWRTITFsTSTART,AMULPNsNWR2JISTRRITE »ZWRITE»CC

IF(X.6T,1,0) g0 1O 3
Bl ==ALUARCX Y+ (e 107B57E=02%X",976004F=02)%X+,5519968E=01 )%y~

1,24991055)*Y+ 99099193 )*X™,57721566
RETHURN
3 EEs(X*((X**239e57332230454%(X**2)+25+16329561486%x421.0996530827 ywy
143.95849497228))
EL=(EXP(=X)*((X*%3+8,5733287801*(X**2)+18,0590169730%X
1+B, 6387608975 *X+,2677737383))/(EE)
RETURN
END
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Table 26. Saturation Temperature and Heat of Vaporization Values for

*
Water, Freon 113, and Carbon Tetrachloride .

Water Freon 113 Carbon Tetrachloride
Saturation
Temperature (°F) 212 117.63 170
Heat of
Vaporization
(BTU/1b) 970 63.12 83.7
3

Values Given for Pressure of One Atmosphere
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Figure 37. Vapor Density versus Temperature for Carbon Tetrachloride and Freon 113.
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Flgure 39. Thermal Conductivity of Vapor versus Temperature for
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Figure 40. Thermal Diffusivity of Vapor versus Temperature for
Carbon Tetrachloride and Freon 113.
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Figure 41. Thermal Diffusivity of Vapor versus Temperature for Water.
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Figure 42. Thermal Conductivity of ILiquid versus Temperature for
Carbon Tetrachloride, Freon 113, and Water.
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Figure 43. Prandtl Number of Liquid versus Temperature for Carbon

Tetrachloride, Freon 113, and Water.
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