
RR

!, i4H I
I:

metadc303863

I 9

/s(:.)~-~ IN



I-

I

-- - --

-- I- .-



TID-4500 (39th Edition)
AEROSPACE SAFETY

SC-RR-65-138

AN APPROXIMATE SOLUTION FOR THE VAPORIZATION OF LIQUID
DROPLETS FORMED DURING RE-ENTRY ABLATION

R. N. Horton, 9311
Sandia Laboratory, Albuquerque

April 1965

Reviewed by:

H. E. Hansen, 9311

Approved by:__
V. E. Blake, Jr., 9310

ABSTRACT

The objective of this report is to describe a method of conducting droplet
vaporization studies.
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LIST OF SYMBOLS

A

Ac

CD

Cp

Cpmat

D

g

4hw correct

4evap I

= surface area (ft 2 )

= cross-sectional area (ft 2 )

= blunt body drag coefficient (dimensionless)

= specific heat of air (BTU/lb- 0 F)

= specific heat of the molten droplet (BTU/lb-*F)

= blunt body drag force (lb)
ft-lbfoc

= acceleration due to gravity force
lbs-sec2ma ss

H = enthalpy (BTU/lb)

he = convective heat-transfer coefficient (BTU/sec-ft 2 - F)

J = Joule's mechanical equivalent of heat = 778 (ft-lb/BTU)

S = heat of vaporization (BTU/lb)

M = molecular weight

m = mass (lb)

mtv = instantaneous mass loss due to evaporation (lb/sec)

Nu = Nusselt's number (dimensionless)

Pa = local dynamic pressure (lb/ft 2 )

Pcr = the maximum local pressure that permits the use of the Langmuir

equation (lb/ft2 )

Pv = vapor pressure (dynes/cm
2 )

Pr = Prantl's number (dimensionless)

q = area averaged aerodynamic heat rate (BTU/ft -sec)

S =Hw _ wall enthalpy
ion Hs stagnation enthalpy

qcw = cold wall heat rate (BTU/sec)

oss = heat loss (BTU/sec)

ireradiation = heat radiated to space (BTU/sec)

stored = heat stored in body (BTU/sec)

Q = stagnation point dynamic pressure (lb/ft
2 )

r = instantaneous radius of the sphere (ft)

R = universal gas constant

Re = Reynold's number (dimensionless)
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LIST OF SYMBOLS (Cont)

St = Stanton number (dimensionless)

T = temperature ( R)

Tspa = temperature of air at altitude

V = velocity (ft/sec)

W = weight (lb)

max = evaporation rate (lb/ft
2 -sec)

a angle between the flight path and the radius vector to a

point on the sphere (deg)

acr = a corresponding to the point where the local dynamic pressure is

equal to the maximum local pressure that permits the use of the

Langmuir equation

y angle of flight path below the horizontal

E = total hemispherical emittance (dimensionless)

0

p

Pmat

a

time (sec)

air density (lb/ft 3 )

density of the molten droplet (lb/ft 3 )

Stefan-Baltzmann radiation constant

a spherical angle used to describe an increment of surface area

(see Figure 1)

1

r.Cda

Figure 1. Surface area increment on
a sphere
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Subscripts

cw = cold wall

hw = hot wall

ref = reference

s = stagnation

w = wall

o = free stream
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AN APPROXIMATE SOLUTION FOR THE VAPORIZATION OF LIQUID
DROPLETS FORMED DURING RE-ENTRY ABLATION

Introduction

An integral part of the aerospace nuclear safety program is the determination

of the ultimate particle sizes formed from the fusion of isotopic fuel elements

during re-entry from an operational orbit or from a failure to achieve orbit. The

first step in this type of analysis is to determine the probable trajectory which

the fuel capsule will follow and compute the surface heat flux due to aerodynamic

heating and the heating due to chemical reactions. Then it is necessary to conduct

transient-heat-transfer calculations to determine the rate of fusion of the fuel

capsule. Mathematical models and computer programs for these two aspects of the

problem have been established and are used extensively in safety predictions.

After the fusion rate has been determined, a molten-droplet size resulting

from this fusion must be estimated. It is then desirable to predict the ultimate

size of these droplets so that biological hazards due to radiation can be assessed.

The purpose of this report is to describe a mathematical model which will help

solve the ultimate-particle-size problem by estimating the evaporative mass losses

during that portion of re-entry when the fuel is in liquid form. An iterative solu-

tion is necessary to solve the equations governing the aerodynamic heating, transient-

heat transfer, and evaporative mass loss in order to arrive at the ultimate particle

size. Since this type of problem lends itself readily to a computer solution, the

final form of the equations in this report are written in a manner which can be easily

programmed on virtually any computer.

A computer program was written, and a small computer was used to conduct a

vaporization analysis on a particular isotopic fuel form. This analysis will serve

as a sample calculation for this report.
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Mathematical Model

Maximum evaporation rates can be derived from kinetic theory and Langmuir's

calculation of vapor pressure.' The usual procedure is to determine experimentally

the vapor pressure in a near vacuum of a specific material as a function of temp-

erature and, using these values, to find the evaporation rate by the Langmuir

equation:

P
Z = y _ (1)max 27rMRT

or

Zmax (lb/ft 2 -sec) = 0.1601 Pv (mm of Hg) T

According to Loeb (Reference 1), this equation is valid only for ambient

pressures less than 1 mn of mercury, and therefore it is necessary to apply cor-

rection factors to determine the evaporation rate over that portion of the re-

entering body (molten droplet) where the pressure behind the shock is greater than

1 mm of Hg. At higher pressures, one would expect the evaporation rates to de-

crease in some manner with increasing ambient pressure. Therefore, it might be

reasonable to assume a linearly inverse relationship between these two variables

where the constant of proportionality is the maximum pressure that allows the use

of the Langmuir equation,

Z P

ma (T) _ max / > max) (2)
Zmax(T) Pa

where

Pmax = 1mm of Hg

Za(T) = local evaporation rate

Pa = local pressure = 2Q cos 2 a (Figure 2).

That is,

Za(T) = 1mm of HgZ (T) for P > P ma . (3)
a 2Q cos2 a max a max) 3
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Pa= 2Q cos2 a

-90 < a < 900)

a 2Q Voo

Figure 2. Hypersonic pressure distribution

To estimate the evaporative mass losses, it is necessary to compute simulta-

neously the trajectory, heat transfer history of the surface, and mass losses, since

these factors are interrelated. Since it is very difficult, if not impossible, to

describe the flow conditions about and behind a tumbling cylinder, a simple vapori-

zation model must assume that the molten droplet immediately encounters free-stream

conditions. Although this may or may not be a realistic assumption, it does have

the virtue of yielding the maximum mass loss due to evaporation. The equation

governing the trajectory of the droplet then becomes:

-D + W sin Y = ma. (4)

W sin Y is extremely small relative to the dynamic pressure and may be neglected.

Equation (4) may then be rearranged to give:

1PooVc
dV = - wCA d.

W DC
(5)

Since mass loss due to evaporation in a time interval dO is:

m f f fa(T)dO dA

0A

(6)

dA = r2 sin a da d ,

(See Figure 1)

(7)
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then by combining Eqs . (3), (6), and (7):

_ cr 02 Pc2

ml= ff27r a (T) r2 sin a da d4 dO (8)
2Q cos

1

for

a acr

where

acr = angle measured from the stagnation point to the

point where the local dynamic pressure is equal

to the critical pressure (Eq. (1) is valid).

For a > acr'

0;; a2n
mlv max(T)4fr2 - cr r2 sin a da dl dO . (9)

0 0

Combining Eqs. (8) and (9):

2f2 acr 2
mlv J max(T) 4nr2 - r2 sin a da do

acr a
+ cr r2 sin a da do1d9 . (10)

Jc ~' 2Q cos2 a -'

Integrating Eq. (10) over the surface yields:

mlv m (T) [4nr2 + 2vrr2(cos acr - 1

01

P+1
+ 2nr crcos1a - 1 d O , (11)

which is then an approximation of the evaporative mass loss over the entire surface

in a time interval d9.
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The heat of vaporization is, by definition, the amount of energy required to

vaporize a unit mass at its boiling temperature. For convenience in calculations,

this statement can be reversed to say that the amount of energy required to vapor-

ize this unit mass is lost and therefore unavailable for heating purposes:

gevap loss =Mlv ' (12)

where

i = the heat of vaporization.

If heating due to chemical reactions and evaporative gas cap blocking effects are

neglected, the heat balance for the droplet then becomes:

hw= radiation + stored + gevap loss' (13)

The hot-wall heat rate may be written as:

qhw= -cw ~hw correction' (14)

where

q .= Hw =Cp(gas)cw(Ts - Tref)(15)
hw correction H(15)

s V,2 /2Jg

. p 0v3

qcw 2 Jg St (16)

where

St*"= Nu _ hc
RePr pVC '

p

Areradiation=E (A TW -T4 ambient (17)

stored = mCpmat . (18)

Equations (11) through (17) may then be combined to form the equation describing the

surface time-temperature history of the droplet:

dT- 1 I[ 1- CT Tref 1 1 St p0V
dO mCpmat V2 /2Jg 2 Jg

- ET(Tw - T4amb)4Tr' - 2rr max (T) 1 + cos acr

+ cr cos1acr -)](19)

*Stanton number (St) may be defined as a function of the mean free path of air2

and may usually be treated as a constant in droplet vaporization studies since there
is little altitude change.
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Since the trajectory of the droplet is described by Eq. (5), the evaporative mass

loss by Eq. (11), and the time-temperature history by Eq. (19), it may be seen that

an iterative solution is necessary to solve these interrelated equations.

Computer Program

Equations (1) through (19) were programmed for use on the LGP 30 digital

computer. Although this computer operates slowly, it has the advantages of avail-

ability and low-cost operation.

To use this program requires the following thermal-physical material proper-

ties as computer inputs: density, Pmat (lb/ft 3 ); total hemispherical emittance, E;

heat of vaporization,?(BTU/lb); specific heat, Cpmat (BTU/lb - OF); molecular

weight, MW; heat of oxidation, ho (BTU/lb 02); and the maximum pressure where the

Langmuir equation is applicable, p(lb/ft 2 ). The evaporation rate in a vacuum is

programmed in the form of

log10 p(mm) = A + B

where only the constants A and B are necessary input quantities and functions of the

specific material. Other input data include: the initial conditions of velocity,

V0 (ft/sec); Stanton number behind the shock wave, St2 ; air density, p(lb/ft3 );

blunt body drag coefficient, CD; droplet radius, r0 (ft); temperature, To (OR), an

accuracy setting of the allowable error in computing deceleration, AAv (ft/sec); and

the terminal velocity which serves as the end of computation command, Vstop (ft/sec).

A flow chart of the computer program is presented in the Appendix.

Sample Calculation

The following sample calculation is given to illustrate the method used in

calculating evaporative mass losses. This sample calculation shows the amount of

evaporative mass loss that might be expected from molten silver for reasonable re-

entry conditions. The results of this computation could aid the reader in check-

ing out a similar computer program.
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The following

is predicted by the

calculation:

initial conditions are reasonable for a molten droplet whose size

Weber number criterion3' 4 and serves as input data for this

V = 20,400 fps

U
P

Cd

Sta

1.12 x 10-4 lb/ft3

1.84 (obtained from Ref. 5)

0.122

3.28 x 10-4 ft

T = 2222 R

E = 0.023

Se= 1044 BTU/ lb

C = 8.6

B = -1.4 x 104

MW = 107

h = 0 BTU/lb/02

.AAv = 0.5 fps

Pmat = 594 lb/ft3

Cpmat = 0.065 BTU/lb-
0 F

Vstop = 10,000 fps

P = 27.8 lb/ft2 (Eq. (1) extrapolated to
10 mm of Hg)

The vapor-pressure constants C and B are found according to the following graph:

C-= log p @T = 0 (always > 0)

(log Pl , )

(o\ (log P

2 T

log P2
B =

Tl T2

*K~
T

It should be noted that the computer program converts from *K to OR for this partic-

ular input.
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These input data and Eqs. (1) through (19) give the following program outputs

at 0.01 second:

V = 18,862 fps

M = 8.4093 x 10-8 lb

r = 3.2332 x 10-4 ft

T = 3710.0 OR
gew = 1.2738 x 10-3 BTU/sec

Mlv = 3.6520 x 10-9 lb

Z(T) 2 4irr2 = 7.6253 x 10-4 BTU/sec

[T4 - T4 = 2.2772 x 10-6 BTU/sec
3600 spa

0.3 Tq
= 1.5990 x 10-4 BTU/sec.

V2 /2Jg

Allowing the program to compute the heat balance on the molten droplet yields

the results drawn in Figure 3. Although 50 percent of the original mass of this

droplet is vaporized, one cannot conclude that 50 percent of the original fuel

capsule is vaporized, since the fuel capsule is decelerating at the same time the

fusion process is taking place, and there is, consequently, lower aerodynamic

heating of the droplets which are formed in the latter part of the trajectory.

Surprisingly, the factor that least affects the percentage mass losses of each drop-

let is the initial size that is postulated for that droplet. This is true because

the Stanton number (the efficiency of conversion from available energy to heat) is

very nearly the same at a given altitude for all droplets smaller than the size

predicted by the Weber number criterion. Since the available energy for heating

and the energy required to vaporize the droplets are both directly proportional to

the mass, the percentage mass loss is essentially independent of original droplet

size.

It should be emphasized that this 50-percent mass loss is an absolute maximum

since it is conceivable that the particle might travel in the boundary layer, remain

in the wake of the re-entering cylinder, and hence receive very little re-entry

heating.
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If

a)

a,

cc

10

5

0

u,100

0

0

3000

O.

a)

a)

H2000,

o i 1000

Hot-Wall
Heat Rate

Initial Conditions:

D = 2000

V0 = 20,400 fps
,Droplet H0= 150,300 ft
R s Droplet

Temp

.05 .10

Time from droplet formation (sec)

.15

Figure 3. Temperature, size, and hot-wall

heat rate for a droplet of silver

Summary

The equations used in this report represent an approximate method of deter-

mining maximum evaporation rates of a molten droplet formed during re-entry fusion.

The sample calculation points out the amount of evaporative mass losses and the

heat balance data that would be encountered by molten silver droplets for reasona-

ble re-entry conditions. This computation assumes a constant-altitude droplet

trajectory and includes the influence of evaporative mass loss as a function of

time on the deceleration history of the droplet. According to Loeb (Ref. 1),

Langmuir's evaporation-rate equation is strictly applicable only when the ambient

pressure is less than 1 mm of Hg (150,000 ft); therefore, the accuracy of the

method presented here is best when applied at altitudes greater than 150,000 ft,

although some extrapolation should be reasonable. At lower altitudes this method

will tend to predict less accurate maximum evaporation rates.
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APPENDIX

Flow Chart of Computer Program
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