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SUMMARY

The cloud chamber in the Space Shuttle provides a facility to
study droplet-vapor interactions which would resemble those in a
natural cloud. A better understanding of the microphysical phenomena
of cloud physics will greatly improve the accuracy of weather forecasts,
in particular, a better control of precipitation, inhibitation of fog
formation, and dispersal of fog by modification.

In the zero-gravity experiment of the cloud formation, a suc-
cessful study of microphysical processes depends upon the accurate
measurement of some initial key parameters. For instance, the study
of droplet growth relies heavily on knowing the water vapor-air mixing
ratio; and the study of nucleation depends on knowing the relative
humidity. The purpose of the present study is to numerically simulate
the conditions of the expansion chamber under zero gravity environment
and investigate the minimum accuracy of the initial dew point tempera-
ture required in the experiments. This study certifies low cost in
the cloud chamber design and maintains high quality experiments in the
$pace Shuttle missions.

Dynamics of oscillation, rotation, collision and coalescence

of water droplets in Skylab simulations are also investigated.
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I. INTRODUCTION

The general objective of the Zero-Gravity Atmospheric Cloud
Physics Laboratory Program is to improve the level of knowledge in
atmospheric cloud physics research by placing at the disposal of the
terrestrial-bound atmospheric cloud physicist a laboratory that can
be operated in the environment of zero—-gravity or near zero—~gravity.
This unique laboratory will allow studies to be performed without
mechanical, aerodynamical, electrical, or other techniques to support
the object under study. 1In the meanwhile, the uniform and homogeneous
thermodynamic circumference offered by the zero-gravity enviromment
provides the best opportunity to study the basic pPhenomena of thermal
diffusion which is particularly essential to understanding the micro-
physical processes in atmospheric clouds.

By taking advantage of a zero~gravity environment to define
many of the processes in clouds that are not yet fully understood is
derived in the philosophy of the operation of the Shuttle~8pacelab
Cloud Physics Laboratory. Of course, the final objective of the mission
is to investigate how men can influence weather, by changing, for
example, drop distributions and nuclei concentrations, or by adding
pollutant compositions,

To support the development work and hardware design criteria on
the Shuttle-Spacelab Cloud Physics Laboratory Payload, the following

activities have been performed under the support of the present contract.



(1) A group of scientists from the ecloud physics scientific
community were invited to serve as consultants and also to
participate in the working group meetings. The purpose of
the service was to provide the advice and the guidange of
the definition of experiments and scientific input to the
Atmospheric Cloud Physiecs Laboratory at the Shuttle Spacelab
mission.

(2) Two subeontracts were granted under the present contract
to gcientists in the cloud physies scientific community for
the support of terrestrial simulation of ecloud physics
experiments in the Space Shuttle missions.

{3) Inhouse study of numerical simulation of drop growth in a
low gravity environment, and the analysis of Skylab fluid
mechanics simulation are performed under the support of
this contract.

The proposed cloud chambers in the Space Shuttle include three
experimental chambers, i.e., expansion chamber, continuous flow diffusion
chamber,'and the diffusion chamber. The present inhouse study is limited
to the discussion of numerical gsimulation of droplet growth studies in.
the ekpansioh chamber which is designed to simulate the pséudo~adiabatic
ascent of a parcel of air. During the adiabatic expansion of the cloud
chamber, no heat is allowed to ércss ﬁhe'bouhdary of thé-cioﬁd chamber.
The walls of the chamber are cooled by a cooling system at such a rate
as to pfevent héat trénéfer from:the walls. fhe only soﬁrce of heat in.
the entire experiment comes from the latent heat released or absorbed

‘during condensation or evaporation within the chamber. The purpoée of
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the present inhouse study is to numerically simulate the conditions
of the expansion chamber under zero gravity environment and investi-
gate the minimum accuracy of the initial dew point temperature required
in the experiments. This study will certify low cost in the cloud chamber
design and maintain high quality experiments in the Space Shuttle
mission.

The following three branches of fluid mechanics simulation under
low gravity environment also have been accomplished in this report:
(1) oscillation of the water droplet which characterizes the nuelear
oscillation in nuclear physics, bubble oscillation of two phase flow
in chemical engineering, and water drop oscil'ation in meteorology;
(2) rotation of the droplet which characterizes muclear fission in
nuclear physics, formation of binary stars and rotating stars in astro-
physies, and breakup of the water droplet in meteorology; and (3
collision and coalescence of the water droplets which characterizes
nuclear fusion in nuclear physics and processes of rain formation in
meteorology.

This project also supported a graduate student while he
accomplished his Master's of Science in Engineering degree here at
The University of Alabama in Huntsville.

A detailed list of the scientists from the cloud physics scientific
community invited to participate in the working group meetings is given
in Appendix A, Two subcontracts supported by the contract are described

in Appendix B.



IT. STUDY OF THE PROCESSES OF DROPLET GROWTH IN CLOUD.
CHAMBER AND DYNAMICS OF WATER DROPLETS IN SKYLAB SIMULATION

The processes of nucleation and growth of droplets are a particular
interest in cloud physies. Our knowledge of these Processes is still
rudimentary because adequate observétion of them under laboratory con-
ditions required that gravitational effects be absent which is a difficult
condition to be met in a terrestrial laboratory.

Techniques to support droplets artificially in the terrestrial
laboratory are possible by employing 1evitatioﬁ apparatuses by vertiéal
wind tunnel, by applied electrostatic potential, by high frequency acoustic
waves (or ultrasonic waves), and by laser beam. Any of the techniques
mentioned above tend to mask some other types of phenomena such as change
or distortion of the shape of droplets, create or dampen the oscillations
of droplets, ete. The alternate approach is to obtain zero-gravity con-
ditions for 20-30 minutes required for observations. Drop towers, air—
eraft flying parabolic trajectories, and sounding rockets can not provide
zero-gravity conditions for more than a few minutes. The obvious solution
to carrf out these experiments is to utilize a satellite.

The Space Shuttle,.in contrast to a one shot satellite can provide
a long duration, low gravity environment at a reasonable cost, The
anticipated.time of observation of a cloud in the Space Shuttle chamber
is "tens of minutes," and may be as long as 90 minutes. This time
duration of tﬁe observation in the Space Shuttle phamber is comparable

ta a life~time of natural clouds in which discrete droplets or a group
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of droplets last some 20-30 minutes. Thus, the droplets can float in
.the cloud chamber for the natural duration of procesees. Droplet-
vapor interactions would then resemble those in a natural eloud.

In the zero~gravity ekperiment of the cloud formation, a successful
study of miecrophysical processes depends upon the accurate measurement of.
eome initial key'parameters. For instance, the study of droplet growth
relieg heavily on knowing the water vapor-air mixing ratio; and the
study of nucleation depends on knowing the relative humidity. The
former places stringent requirements on the accuracp of the initial
absolete temperature of the saturator, while the 1atter depende on a
very_accurate_knowledge of the relative temperature between the saturator
end t.he expansion-chemper. |

In the present study, we numerically simulated the conditions of
the expansion chamber under zero gravity environment and investigated
the minimum accuracy of the initial dew point temperature required in
the experiments. The results of the numerical simulatlons are included
in the following pages.

The study of the dynamics of water droplets has also been carried
out in this report._ Skylab 4 crew members performed a.seriee of
demonstrations showing the oscillations, rotations, as well as collision
_coalescence of water droplete which simulate various physical models
of fluids under low gravity environment. The results from the Skylab
demonstrations provided much interesting information and 1llustrated the
potential of an orhiting speceworiented research 1aboratory for the
study of_mqre sophistieeted fluid mecheoics experiments. ~The results

of this study are alse Included in the following pages.



Mr. Jameé.E. Huckle, a graduate student in the Department of
Mechanical Fngineering at The University of Alabama in Huntsville,
accomplished his Master's of Science in Engineering dégree in the
Fall of 1977/78, under the support of this contract. The topicof
the thesis presented by Mr. Huckle is "The Growth of Water Droplet in
a Low Gravity Environment."
| In this report, two papers based on our inhouse study are
included. The topics ave

(1) "Accuracy of Initial Dew Point Temperature and the Growth

of Droplet in Expansion Chamber Under Low Gravity Environ-
ment."
This article has been accepted for publication and will

appear in J., Rech. Atmos. 11, 1977.

(2) "Skylab Fluid Mechanics Simulations: Oscillation, Rotation,
Collision and Coalescence of Water Droplets Under Low Gravity
Enviromment."

This paper was presented at the Eighth Conference on
Space Simulation, and was also published in NASA 8P-379,

Space Simulation, pp. 563-574, Scientific and Technical

Information Office, National Aeronautics and Space Admini- -

stration, Washington, D. C., 1975.



ACCURACY OF INITIAL DEW POINT TEMPERATURE AND THE GROWTH
. OF DROPLET IN EXPANSTON CHAMBER UNDER LOW GRAVITY ENVIRONMENT *

ABSTRACT

L

The cloud ehamber in the Space Shuttle provides a facility to
study.drnplet—vapor interactiees'which.woeie resembie those ie'a eateral
rluud Drop]uL proth studies in the expansion chamber at the low
gruvxLy envirnnmenL is dosirntd to simulate the pSLudcwndlabatlc ascent
of a_pnreejfnf air. A minimum accuracy of initial dew point temperature
s queqtienehh' fur.the desipgn of the expansion chamber. A eoﬁputer
_simulation of drop growth in the expansion chamber under zero-gravity
environw "nL has been investipated. The simulation includes the time
depondent study of saturatiun ‘ratio, pressure and drop radius for initial
_water—vapor saturation temperatures, corresponding to dew point
| tempereturtq at 18 17 998 17. 990 17. 900 and 17. 000 C, under cooling
rates of 6, 2, 1 and 0.3 C/min for each case, The results show that
:the-best SuﬂgGSLUd dccuraey oE Lnltial dew point temperature is O, 01 C
for the expansion ehumber experlmcnt. ,HOWeVLr thc,temperature aCLuracy
oab 0 L C is a]qn aCLLptablL if the experiment is avoided during the_

beginning few minutes,

_ Thls art1c1e wqq nccepted for publicatlon and will’ appear in J. Rech.
Atmos., 11, 1977. :
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1. — Introduction

A better understanding of the microphysical phenomena of cloud
physics will greatly improve the accuracy of weather forecasts, in
particular, a better control of precipitation, inhibition of fog
formation, and -dispersal of fog by modification. It may also contribute
to the moderation of severity of destructive phenomena such as hail and
tornadoes.

The processes of nucleation and growth of droplets are of particular
interest in cloud physies. Our knowledge of these processes is still
rudimentary because adequate observation of them under laboratory con-
ditions required that gravitational effects be absent which is a difficult
condition to be met in a terrestrial laboratory.

In clouds, discrete parcels of moist air and entrained particles
can last nearly a half hour, rising and falling for miles. During these
movements, the constituents within the parcel are constantly interacting.
The volume of the cloud can be several cubic miles.

A cloud coamber encloses ooly o minuscule fraction of a volume
of a natural cloud. When droplets through condensation are produced
{nside a terrestrial cloud chamber, they soon drift to the bottom of the
chamber, ending the_experiment before”any long duration process can be
studied.. | |

Techniques to support droplets artificially in the terrestrial
laboratory are possible by employing 1evitation apparatuses which are
by vettical wind tunnel. by applied electrostatio potential, by high
frequency acoustic waves (or ultrasonic waves), and by laser beam (Hung et al.

1974 _[l]). Any of the techniques mentioned above tend to mask some
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‘other types-of phenomena:suoh as changeror-distortionfof the.shape of B
_droplets. create or dampen,the osoillations of dronlets, etc. The';'i
. alternate approach is to obtain zero-gravity conditions for 20-30 minutes
ii_required for observations _ Drop towers, airoraft flying patabolic tra-”
jectories, and sounding rockets can not provide zero—gravity conditions
) for more than a few minutes.” The obvious solutjon to. carry out these
.experiments is tu utilize a satellite (TRW 1977 [2], General Electric,t
- 1977 (3D, |
The Space Shuttle, in contrast to a one shot satellite can provide~7
e 3:%0“3'4“Fﬂti°“e.}9? grevity-enyitpnment at a reaeenah%e,esats_-ihs----
hantieipated time of.obserration,of a'oiond'in the Space:Shuttie ehamberd -

1'-"tens of minutes, -and may be &8 long ‘as 9; minutes (TRW,’ 1977 [2}3 C

1 General Electric, 1977 [3]) This-time-duration'of observation in the

',Space Shuttle,chamber is comparable to a life—time of natural clouds in IR

'which discrete droplets or groups of droplets last some 20-30 minutes IR

-;.(Greco and Turner, 1975 [4}) _ Thus, the droplets can float in the cloud

Lchamber for the natural duration of the processes. Droplet-vepor'inter- :
L astiénﬂ'w°uldi;hsne:esepble;theseringa.natqral;clqudsg;?.iw.-l_,-
| "Theiproposedieloud,ehambetSVin4the15pa¢ez$huttle'inelude.three
: g;perimentallohamberstﬁige;,_eapansionﬁehamber;LgontinUQué floﬁ'diffuﬁiqn"

chambey and diffusion chamber (TRW, '1977*{é]x General Electric, 1977 [3]).

";_The present paper is: 1imited to the diseussion of numerical simulation of 7 ¢

| droplet growth studies in the expansion chamber which is designed to

“VAsimulate the pseudo-adiebatic ascent of & parcel of air._ During the

;adiabatic expansion of - the,cloud chamber, no heat is: allowed to cross the:"‘”

:'3Thoundary of the ¢loud chamber.” The walls of the chamber are’ cooled by

a‘cooling system'at such a rate as to prevent heat transfer from Ehe




'.nalist- The only SOurce of'heat in:the.uhole.enperiment comes: from the
latent heat veleased or ahsorbed during condensation or.evaporation within
'.the chamber. | | o

In the zero—gravity experiment of the cloud formation,
.successful study of microphysical processee depends upon the accurate
meaaurement of some initial key parametere. For instance, the etudy'
Fof droplet growth relys heavily on knowing the.water vapor—air mixing i
ratio; and the study of nucleation depends oo knowing the relative
‘humidity. The former placee stringent requirements on the accuracy of
the initial absolute temperature of the saturator, while the latter
depends on a very accurate knowledge of the relative temperature between
the saturator and the expansion chamber (TRW 1977 [2] General Electric,
1977 [3]). |

The purpose of the present study ig to numerically simulate the
conditions of the expaneion chamber under Zero grevity environment and :
. inveetigate the minimum accuracy of the initial dew point temperature__
required in the experiments. It is of particular interest, therefore,
._to inveetigate the tire—dependent evolution of saturation ratio, water
vapor_preeaure, nd drop growth under different initial humidities and.
different.cooling rates. The variatione of time—dependent saturation :
ratio, pressure and drop growth under a small ‘change in.theiinitiaiz
-,;h?midityﬂ“Which~9°tFesP°“d$-t“ different-temperaturehreadings,_have

been’numerically simulated. This: study will.certify low cost in the

._cloud chamher design and maintain high quality experiments in the Space e . .d

.Shuttle miesion.
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1L — Theoretical Analysis

V'Duting an adiabaticeenpension of ehe cloud-chembef, no.heet 15:1
 atlowed to cross the boundary of the chamber. The only source of heat
’“1comes from nhe latent heat released or absorbed during condenaation or
‘hgevaporacion within.the chnmber. Theae adiabatic expansions of a mixture'e RUCTR
“_of dry air, water vapor and liquid weter can be deeeribed by the first -
.t”;xa“ °f t:‘le’~'m°dlfna:ni.cs and equation of the growth of the droplets based
i:on microphyeieal proceasea.:_'_".': :
:.::Td' Pertinent assumptione in this atudy are no gravitationel foree;?i ’
- no- heat exchange with the walls and a constant number of uniformly sized_"_n":'
T'd;:droplets. The thermodynamics Eor a cloeed system of the cloud chamber |
f_;_eontaining a mixture of dry air, water vapor, and liquid weter can be :J”.__'

:ffdeecribed by the first law of thermodynamica, as follows..:. f'
'?*vfj?fd(Iﬁiﬁdef&ﬁodﬁf*f gat&g;*ﬁﬁfﬁn 5=;w;f¥f.df{;?mtigqﬂfﬁ._*

'-;gh.ﬁwhere 6Q is- the latent heat releaeed or absorbed minue the heat tequired- e

o taise the CemperatUte of liquid water within the chamber, i e., ;'

.”;iﬂere, dU denotes the ehange of the.internalenergy of the mixture of dry ;;'d :

f.air und-water vaporg p, the preseure of the mix;ute, dV, the change of the  ’_;e_:

thetlatent heat, SH,'J

;:N}theetemperature of the mixture, and :_Hﬂ:[_

ﬁ'vdeume,of:the cloud chamber duting expansion. L,

;the liquid Tate::content whieh 1e-d fined:ff'“



n o - .
-4 .3 -3 | 3

where Ni ia the total number of droplets with a radiuo of ri, ri ) the

| radius of t:he nucleus pw, the liquid water density, and n, the total number

of classes of the aize spectrum of droplets.

The following relation ia obtained after dividing Equation (1)

- by dt, with consideration of Equation (2) (Lin, 1976 [5]):

dw.

.p:

ar _ Lanli,rel. s
et [(L+ RT) .m it Fpar ] L -
| -1 | N
5w\ | N
| Sy ¥\ |

' where Y denotea thc, apecific heat ratio of the mixture,_ v the eas constant

of the water vapor, J, the number of molea of the mixture, R, the gas 7

'. . constant of dry air, and Cp| the constant pressure apecif'ic heat for one

' .mole of the mixture. | | |
The effect of Brownian movement ie neglected in the present model.

' The droplet will grow to a size greater than one micron (uM) in aeconds

:in the expansion chamber. _ Brownian motion eppears to be important: for

drop diametera leaa t:han one micron. This will Justify our aasumption. E

The growth of dropleta due to the condensation and evaporation ia

governed by the following equetions (Carstens et al. 1.974 [6J

dr aat eff _ c S . o
_._....__......_........_......._....(s 1-1’.‘ —-3) (5)

de ~ T p (eH) 3
. p -1 BL | i
g0 e B omema BMES  ©
S onroon QUALITY
{8 a _ S
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."iHere,.ir Om) is the saturation vapor density at infinity, By the
'uust:satutation tatio of water vapor in air, r. the radius og the droplett::  i'5
.7'.i.2, oharacteristie 1ength which is the weighted avetage of ﬁ and 23 -

tibv the slope oE a 1inearized ps € (MO and T curve. D, the diffusion

'f_eoefficient of water vapor in the air' K, the thermal conductivity of

'.Q;the mixture, & the aceommodation coefficient which ia 0 67 in our case,":”

eifﬁ, the atieking coefficient whieh 1s 0 03536 in our case, R; the Sas ?-ﬁg%llfztﬁy:ﬂ
'.-:ggconetant of dry air, 0. the surfeee tension of water, i, fhctor of

.::Van 't Ho£f~ Hw, the.molecular weight of water' L the mase of hygroscopic;;ﬁ?;;iia
.H'ifmaterial,dissolved and M., gram moleeular weight of- hygroseopie nuoleus. }'7_5
o In the present study, the diffusivity, D, of water vapor in ,: -
"iyb_ﬁlthe air followa thexmodel p:esented hy Fuller et al., (1966 [7])

0.001*-"(!1-- +--H* ) -Tl"?? S 11 911 T1‘75

‘4”'?ﬁ~ap9t.: The otherconstan (5Z;FQ;KQ}QJ?Qigh,5iU



are temperature dependent can be simplified as follows (Paluch, 1971 {8l

K= 0.,1675 % 10.—6-' (T -273.16) + 0.5725 x 10—:4 (cal/m-"K=-sec) -

| (13)
L = 737.44 - 0.52 T (callg) _ R 6 1))
0 =757 -0, 148 (T - 273. 16) (dynes/cm) | (15)
The semi--enpirical expression is used for p ( ) and b, :l €.y

5.737104

o) = 4 o~6 273 16 .
Pgap (™) = 4847 x =)

" éxp | 6718.235 ( wzaiie - 1) (e

| 6718.235 N |
b=p,, (25252 - 5.7373100) I - an

In the Space Shut_:tle experiments, cooling rates are assumed to be

: cdn_st-an_t_: y L.e.,

at “ constant. - | | (18)
In our particu:lér cases, comstant cooling rates with 6, 2, 1.and

0.3 °C/min are of special. _i_;'xte'_rest;..

B
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11, — Com‘putational, Seheme-

~After substituting Equation (3)- into (4), snd Equation (6) to |
(A7) into Equation (5), the fundamentsl equations are finally reduced
to: Equations (4), (3). and (18) '_I‘hese-: three _;simultaneo_us differential _
equations can be written in the following matrix form . '

A A A

11 . 12 13 |t de

Ay

M
F

| | ax@ ey,
Agr  Paz v P23 | | de 24 (19)

, _— ' . dx(3) ,
“31 32 33 | | Tat | 34

‘ -___:where x(l), x(2) and x(3) express pressure, radius of water droplet, and

temperature, respectively ' These equations esn now be integrated by an
existing computer program developed by Thompson (1975 [9]) with gome”
"iumdifications. 7 e o EERE

- We have considered twenty cases :Ln which t'ive initial water vapor

L :saturation temperatures, _corresponding to dew point temperatures at 18 000,'"'" e

: __:__17 998 17 990, 17 900 and 17 000 C, wit:h cooling rates of 6, 2, 1 and

0.3 Clmin, have been taken into account. In these computations, the e
initial pressure is 106 dyneslom .; and the initisl drop radius or radius of

.fthe ““Cleus is 5 310 cm or 0. 5 Ll-,' Calculations were made for one mole '_ B

°f :_?‘_Ji%‘:."::"-a“@-._?‘."_-3--'_:3?_’;?3993"_'. . The, deﬂﬂit}' and Bper:ific heat of wster are B o




* assumed #0 bénuniﬁy-_ It ié_?iso aséﬁmed that NaCL with masé 10—13 'rém"
_-wﬁg disﬂoiﬁed in che dtoplefs. With this amount of salt, the dropleta
| are in equilibrium at 20° C air with dew point temperature at 18 C. The
number density of nucleus ‘s assumed to be 300 per cma.___

The results of the computation in the time—dependent study of
__saturation tacio, pressute, and drnp radius will be discussed in the_

N following aection.

oo




IvV. -.Results and Discussions

figures'l 2. 5 and 4 show'the time—dependent study of saturation °
lratio for cooling rates corresponding to 6, 2, 1 and 0.3°C/min, respectively.
-Each of the. Eigures express five curves of time—dependent evolution of
saturation ratios corresponding to air—vapor mixtures at the initial dew
point temperatures 18 17 998 17. 990 and 17 C. It is clearly indicated..
that three curves are drawn coincidentally for the case of initial dew
point temperatures at 18, 17.998 and 17.990 C within a fraction_of i
_ division. In these'figures, one vertical division represents a chanée

of 25 x 1074

in the saturation ratio. Slight deviations are shown for
: saturation ratios for the_case.of initial dew point temperatures between
18 ¢ end i7. 990 °c. "Peak seturation ratioe of 1.029, 1. 012.'1 OOTIend
1.0024 are obtained for cooling rates of 6, 2, 1 and 0. 3 Clmin,
respectively, at the initial dew point temperature 18 C

In order to have more. ineight of the characteristics of saturation _
'ratio and its deviation for initial dew point temperatures between 18 %

._end 17 990 C the maximum percentage of deviations have been computed._

The expression is given by

l?;QOOpCZ- _ _ TP
Max AS B - 17 900 C is .000 C % 100
| 18.000% 518.000 c Max.
o 1? 900 c.
. where Max AS RN denotes the maximum percentage deviation of
' 18 000 C . |

'°i'9#£u¢5tibn;ra£iaffdr dbﬁfﬁﬁlnt*tenpéfetureeﬁBEtween”18;000°C*end~11f9009C§7:55-”
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-51779000C; saturation ratio with initial dew point temperature at 17.90000;

Cand | | < the maximum value. " Table 1 shows the computed maximum deviation
of the seturation ratios for different cooling rates. It is shown that

" the maximum deviation of saturationﬂratios'betweEn'these*two initial dew
point temperatures are essentially less than 0.63% which occcurred at
zoperstion‘time t = 0.0 see. for the.cooling'retes at 6, 25;1'and-0.3qclmins_f
) ;These results suggest that 0.1°C aceuracy of initial dew point tempersture

. in the zxpansion ehamber at the Space Shuttle mission ls proper at least

.based on the.time-dependent stndy of saturation ratio. | |

"nigﬁrég“5;357-7 ;ﬁd“ﬁ"showﬁthE" " yime dependent evolution of

rptessure for cooling rates corresponding to 6, 2, 1 and 0. 3 C/min,

'-respeetively. These figures also imply that the tlme—dependent evolutlon

of pressures are practicnlly no different for the cases corresponding to

.ﬁinitial dew point temperatures at 18 17 998, and’ 17 990 C. The

B computations of the maximum percentage deviation of pressnre for the
:ceses of initiel dew point temperatures between 18 C and 17 900°C are

| elso accomplished analogous to that of the saturetioq ratio shown in

.Equation (20) Table 1 indicetes that the maximum deviation of pressure

: for the cases of lnitiel dew point temperatures between 18 C and 17 99 C
'.are essentially less than 0. 24% for the varlcus cooling rates. These results'
also support the similar conclusions obtained from the simulation of

:isaturation ratios | |

_ ?igures 9 10 11 and 12 shew Lhe time dependent evolution of drop

o i‘-__.'size for cooling rates corresponding to 6 2 and l.and 0 3 Clmin,' respectively

o Similar to the results obtained for the simulations of saturation ratios and

i:.horessures, there are no differences for the time dependent growth of drop A

el eizes for cases eorresponding to initial dew point temperatures in the ranges

_,-_1_3‘. |



from 18 to 17.990°C. A deviatien of time dependent growth of drop size is
| shown for the case of initial dew polnt temperatures between 18°¢ and 17.990%
for all the cooling rates assumed. Table 2 shows the maximum deviation of time
dependent growth of drop size for tﬁis case, This table indicétes that
- maximum deviation of the growth of_ drop size for the case of initial
dew point temperatures between 18°%¢ and 17.900°C can be as high as 21,
28, 34 and 437 for cooling rates corresponding to 6, 2, 1jand_0.3°C/min,
respectiv‘ely, which occurred in the experiments during the first few
minutes. After the experimental operation time 0.85, 2.41, 4,66 and
15.3 minutes have passed for cooling rates corresponding to 6, 2, 1,
and 0.3°C/min-, re_specti_vely, the percentage deviation for the cases
between these twe initial dew point temperatures will be declined less
than 2Z, At these moments, the operating temperatures will be 14.9,
15.1, 15.3 a‘n.d 15.4°C for cooling rates correspoinding to 6, 2, 1 and
0.3°C/min', respectively, if the initial operating temperature is assumed
to be 20°C. These results, based on the time dependent growth of droplets
-indicate that 0.01°C accuracy of the initial dew point temperature is
perfectly satisfactory for the experiments in the ekpansion chamber. How-
ever, this temperature accuracy carn also be droped at 0.10(_! if we would
skip the experiments in the first few minutes for the case of the studies
of drop growth, . _

Howell (1949, [10]) has calcul;ltea the time dependent evolution of
_the saturation -ra‘tios’..:for. the: grdwth" of -Unifér_r’n’ ‘droplets under the con- -
dition of constant rate of ascent, whereas a constant rate of cooling is

~ used in the present study. These differents made a direct comparison
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betWéén our results and Howell's to be difficdlt; However, ﬁhere afe
.similatities in which thg_peak of sdturation ra;ios for both cases are

the same magnitudes and.aléo exhibit the same'ésymptotic épproaches as

the ;ime increases. .

| In.conclusion_, O;OIOC accuracy of the initial dew point témﬁetatute

.fq: the experiments in the expansion chamber is always the most acceptable
condition for.cases éf time.dependent study of saturation rétio, pressure
and droplet growth under cooling rates 6, 2; 1 and 0.3°C/min.. It is also
recummehded that 0.1% accuracy of the initial dew point temperature is
ncceptablg for ekpefiments_of the study of the satutation ratio and
pfeséufe; however, speciai care.ﬁust be attemﬁfed for the case of drop
growth studies in whichﬁthe.cxperiment shall be avoided to carry out in
the beginning.few minutes, These resuifs may be evidence to juétify the
proposed 0.1% temperature accuracy of the expanSidn chamber in the Space

Shuttle mission subjected to the conditions outlined above.
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Table 1. MAXIMUM PERCENTAGE DEVIATIONS OF SATURATION RATIO
AND PRESSURE FOR THE CASE OF INITTAL DEW POINT

TEMPERATURES BETWEEN 18°C AND 17.900°C.

: Saturation Ratio Pressure
Cooling '
oRate Max. Deviation| Time| Max. Deviation | Time
( C/min) (%) (sgc) (%) (sec)
6 0.63 0.0 0.24 40
2 : 0.63 0.0 " 0.24 95
1 0.63 0.0 0.23 175
0.3 - 0,63 0.0 0.21 540
ORIGINAL PAGE T
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TABLE 2.

MAXIMUM PERCENTAGE DEVIATION OF THE GROWTH OF DROP SIZE FOR
THE CASE CORRESPONDING TO INITIAL DEW POINT TEMPERATURE BETWEEN
18°C AND 17.900°C, AND MINIMUM OPERATION TIME AND RIGHEST
TEMPERATURE FOR PERCENTAGE OF DEVIATION LESS THAN 2.

Drop Size

Minimum Operation Time for

*
Highest Temperature for

Ceoling Maximum Deviation  peviation Less Than 27 | Deviation Less Than 2%

a?‘a"e ; Time : :
_(__C/min)-. ; % {(sec) Second Minute | (OC)

6 21 27 51 0.85 14.9

2 28 80 145 2.41 15.1

1 34 155 280 4.66 15.3

0.3 43 504 918 15.3 15.4

% .
Initial temperature is assumed to be 20°¢C.
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SKYLAB FLUID MECHANICS SIMULATIONS: OSCILLATION, ROTATION, -
COLLISION AND COALESCENCE OF WATER DROPLETS UNDER Low- :
GRAVITY ENVIRONMENT *

Otha H. Vaughan, Jr,, Aerospace Environment Div. /Space Sciences Lab NASA/M!M!II Sp.lce
" Fliglit Center, Alabama 35812
R, J. Hung, The Umvemty of Alabana in Hum:vll!a, Alabarpa 35807

ABSTRACT

Studies of the d)mdmu:s" of water droplets h1s béen ¢ one
of the most intoresting areas in the fields of atmo-
spheric microphysics, nuclear physics, astrophysics,
fluid mechamcs, mechanical engincering, and chemical
engineering., Skylab 4 crew members performed a series
of demanstrations showing the oscillations, rotations,
as well .as collision coalescence of water droplets
which sinulate various phy'ncal models of fluids under
low gravity environment, ‘Theé results From SKylah :
demonstrations show that these demonstrations have
provided much interesting information and illustrate
the potential of an orbiting space-oriented research
laboratory for the study of more sophxsticated f1u1d B
mechanic cxper:uncnts ' T

I, INTRODUCT ION .

Recently, thie dynamics of oscillation, rotation; collision .
‘and coalescence of water droplets has trq,gcred the magmatmn of
researchers in various ficlds of physical sciences, such as
metcorology, nuclear physics, astrophysics, fluid mechanics,
mechanical cngineering and chemical enpineering. lord Rayleigh
(1879) first investigated wathematically the varicus modes of -
oscillation of fluids. Since then there have been many investi-
gations concerning the dynamics of liquid drops, yet the
mechanics of the oscillation (particularly nonlinear oscillation),
rotation- (partlcularly rotation breakup), and the coalescence
processes still remain poorly uaderstopd.

To study and ebserve the dynamics oF l1qu1ds in the
terrestrial laboratory, artificial supports are required to -
eliminate the ;,ravztatmnal force and: to provide for: longer
observational time, The levitation apparatuses which are
available today are the vertical wind tunnel, electrostatic
potential, high frequency acoustic waves (ultrasom.c waves), and

~ high encrgy level laser beams. . Although- these are useful tech- .
niques, their use tends to-mask other types of minute forces and
disturbs their effects which might confuse the expermental

This article was published in “Space Simulation,” NASA SP-379, _
PP 563-574, Sclentific and Technical Information Office, National
Aeronautics and Space Administration, Washington, Ds- C., 1975. S
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ohservations. Txperiments performed in an orbiting spacecraft
with its low gravity cnviromment offer a technique to study
fluids and observe their modes of oscillation without the side -
offects of artificial suspension techniques.

Prior to the Skylab program various studies had been per-
formed in wind tunncls to ohserve the oscillations, rotations and
conlescence of liquid drops (e.g., Beard and Pruppacher, 1871).
However, many of the oscillation modes could not be detected or
recorded biecause they were being masked by the acrodynamic
forces. To understand how water droplets will oscillate, rotate
and collide, and to sce how fluids will behave under the low
pravity environment, o scries of simple science demonstrations
were proposed for the Skylab mission. The demonstrations were
designed to provide a data base for the design of a fluid
mechanics and a cloud physics type laboratory to be flown as a
part of the Spacelah shuttle propram. The Skylab 3.and 4 crows
were requested to perform these science demonstrations so that
the mechanics of collisions, coalescence, rotation, natural
oscillations and techniques for manipulation and positioning of

fliids in low grivity could be simulated and studied.

In the present paper, we have limited ourselves to a
discussion of the following three branches of fluid mechanics
simulation under. low-gravity envitonment: (1) oscillation of
droplet which characterizes the nuclear oscillation in nuclear
physics, bubble oscillation of two phasc flow in chemical
engineering, and water drop oscillation in meteorology; (2)
rotation of droplet which characterizes nuclear fission in
nuclear physics, fomation of binary stars and rotating stars in
astrophysics, and breakup of water droplet in meteorology; and
(3) collision and coalescence of droplets which characterize
muclear fusion in nuclear physics, and processes of rain for-
mation in meteorology.

II.  EXPERIMINTAL ARRANGEMENTS

The hardware used in the Skylab fluid niechanics demon-
strations consisted of on-hoard medical type syringes, pieces of
tape attached to dvinking straws, marker pen writing ink, grape
drink, strawberry drink, picces of thread, the teflon coated flat
surface of the £D, 52 "web formation in zero gravity" spider cage,
reflection mirror, ete,, and the on-board color TV camera. The

" water usctl”in the demonstration was colored, to enhance the.
photography, by adding a small amount of marker pen ink, grape -

~drink mix, or strawberry drink mix to each drop.  Movies of the
dynamics of oscillations, rotations, collisions and coalescence-

" of water droplets under low gravity cavironment were recorded on
hoird TV cameras. ‘These series of color films are identified as-

_ Fluid Mechanics Demonstrations - TV'107. - '

. OFPOOR QUALITY
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The films taken with the on-board TV cameras were later
analyzed, Measurements of the characteristics of the drop
oscillations, rotations, collisions and cousescence were made by~
using a Vanguard film analyzer. The amplitude and wavelength of
the oscillations were determined directly from the £ilm using
appropriate scale factors. The frequency of oscillation and
angular velocity of rotation were determined by counting the
‘nimber of frames that werc observed during the time interval and
then dividing this count number by the TV camcra fruming rate.

In this paper, techniques and results of space simulation
will be discussed, The theoretical analysis and comparison of
the Skylab demonstration data with existing theory is out of the
scope of the paper but it is published elsewhere (Vaughan, et al,,
1974a; Vaughan, et al., 1974b; Hung, ct al., 1974).

111, SKYLAB FLUID MECHANICS SIMULATIONS

. .

The Skylab science deinonstration/simulation TV 107 (Fluid
Mcchanics Demonstration) has created much interest among the
yescarchers in various fields, such as metcorology, nuclear
physics, astrophysics, (luid mechanics, mechanical enginecring
and chemical engincering. In particular, fiuid demonstration of
oscillation, rotation, collision and coalescence of water droplets
simulate some physical models of interests which may contribute
toward the solutions of a great mmber of unsolved problems.

Some selected frames of oscillation, rotation, collision
and coalescence of water droplets from TV 107 will be presented
in this paper.

‘A, Oscillation of Water Droplet - Study of nuclear oscil-
1ations has been one of the major topics in nuclear physics inthe
last forty years. In particular, nuclear physicists are mostly
interestod in the investigation of nuclear deformation energy
surfaces. To study these phenomena, a model of an incompressible
liquid drop with charges uniformly distributed throughout the
volume and a uniform surface tension is generally assumed (Cohen,
et, al., 3974). . = : C o

Atmospheric microphysics studies deals with droplet and
droplet-droplet interactions. Particularly, oscillation of water
droptet and oscillation breakup of droplet are closely correlated -
to the mechanism of rain formation (Mason, 1971).

Stability of bubble oscillation is very important for the
study of two-phase flow in chemical enginecring. Furthermore,
chemical engincers arc also very interested in ‘the study of the
dynamics of the contact linc between the fluid and solid surface
as the water droplet oscillated (West, 15113 Huh and Scriven,
1971). ' ‘

Thesce physical models of interests were very well simulated
and are shown in the Skylab Fluid Mechanies Simulation, Figure 1
shows some selected frames of the various modes of water droplet
oscillation. The mumbers on the pictures in the figure show the




sequence of TV camera frames taken in the Skylab demonstration.
Picture number 1 shows a water droplet with the diameter of 2.67
cm touched on opposite sides by two soda straws. Picture number 7
shows that two soda straws were plucked outward from the water
droplet causing the water droplet to oscillate. We observe variais
modes of oscillation until the decay of oscillation occurs due to
its internal damping. Picture number 9 shows the oscillation of a
water droplet in longitudinal direction and picture 17 indicates
the oscillation of a water droplet in transverse direction.
Pictures number 22 and 24 show the transition of droplet oscil-
lation from transverse direction to longitudinal direction.
Pictures number 33 and 36 show the transition of droplet oscil-
lation from longitudinal to transverse direction. Picture number
42 shows the recovery of the oscillation of a water droplet to
its original shape duc to damping effect.

Figure 1. Skylab Fluid Mcchanics Demonstration - Free Oscillation
of Water Droplet.
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Figure 2 shows sclected frames of the various modes of the
oscillating water droplet attached to the flat surface. This is
very useful for the study of droplet oscillations and the
dynamics of ¢  1ct line between the fluid and solid surface as
the water dre ;. oscillated. Picture number 1 shows a drinking
straw being in ¢ .ed into the center of a water droplet attached
to the flat sur..ce. Pictures number 3 and 10 show the soda straw
being pulled out of the water drop. Picture number 17 shows the
oscillation of water droplet as it reaches its maximum amplitude
right after the soda straw left the surface of the droplet,
Pictures number 22 and 26 shows the water droplet decreasing its
amplitude, and picture number 29 shows the oscillation of a water
drople i i i i
shows the i
number 39
completed
amplitude,

Figure 2. Skylab Fluid Mechanics Demonstration - Oscilletion of
Water Droplet Attached to the Flat Surface.

The dynamics of the droplet oscillation is governed by the
boundary condition given by the Young-Laplace relation (Landau
and Lifshitz, 1959), Solution of Young-Laplace relation leads to
the relation of droplet oscillation (Rayleigh, 1879)

w? = 0l !;&l! (2+2) (1)
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where a denotes surface tension; p, the density of fluid; R, the
radius of unperturbed liquid droplet; w, the circular frequency of
oscillation; and £ = 0,1, 2,..., the integer numbers. Equation (1)
shows that £=0 and 1 correspond only to rigid body oscillations,
and the fundamental mode corresponds to 2=2. In general, the
oscillation for each mode #, there are 20+1 oscillations along
different directions. These oscillations with the same mode %
have the same frequency. Tf we consider only the characteristics
of the mode and not the type of oscillations in the various
directions, the shape of the drop is (Hung, et al., 1974)

T =R+ %E a, PE (cos 8) (2)

where P, is the 2th order Legendre polynomial; (r; 8; ¢). the
axes of spherical coordinates; and the coefficients a, are
functions of time t:

By RR[h ¢l (3)

where w is given by Equation (1), and b2 is some amplitude of the
oscillations, "

Skylab Fluid Mechanics Demonstration provides us a good
opportunity to study how well the theory stands.

B. Rotation of Water Droplet - About half the stars in_the
sky arc binary stars. The fission theory, proposed by Poincare in
1885, attempted to explain the occurrence of binary stars by a
natural process of evolution of a single star. Unfortunately,
recent investigation showed that the results were adverse to
Poincar@'s picture. A newer fission theory of rotating liquid
drops has been proposed to study these problems (Chandrasekhar,
1969) . Experimentally, the dynamics of rotating liquid drops
simulate the characteristics of binary stars and rotating stars.

In nuclear physics, mechanics of fission process is the
area which draws a great attention among the researchers. A model
of an incompressible rotating liquid drop simulates the dynamic
cvolution of the stability of the mechanics of nuclear fission
process (Cohen, et al., 1974),

In meteorology, dynamic of the breakup of water droplet is
closely related to the warm cloud processes. The Skylab demon-
stration of rotating droplet is also of particular interest in
large precipitation drop breakup.

Figure 3 shows some sclected frames of the sequences of
rotating drops exhibiting "dog bone' or "dumb bell" shape, To get
the drop of water to rotate in the ""dog bone'' or ""dumb bell' shape
the astronaut conceived a simple technique which he used to pro-
duce initially a prolate spheroid by asymetric excitation of the
outer surface of the drop of water. After a few applications of
this asymetric excitation force the drop is caused to rotate at a
higher rotational speed which produced an unstable oscillation
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mode and the drop then tears into two separate drops. Picture
number 1 shows the drop of water rotating in the ""dog bone'' shape.
Picture number 2 shows a drop being initially touched with the
rotation tool. The astronaut touches the drop and later he
causes it to begin to rotate. Each time the astronaut touched
the drop at its outer surface with a rotating motion he caused it
to rotate at a slightly higher rotational rate. After a number
of encounters with the drop, it was then allowed to rotate until
it began to breakup by itself, Picture number 136 shows the drop
still in contact with the tool and being excited - note the start
of the prolate sphere shape now occurring. Picture number 165
shows the drop now free of the tool but in a rotating/oscillating
mode. Pictures number 747 thru number 752 show how the drop
began to reach the unstable mode as it begins to rotate faster
until it begins to neck down and breakup into two distinct drops.
In future space flights, a demonstration should be performed in
the low gravity environment to illustrate the case of the oblate
spheroid rotating at increasing angular velocity until a ring of
fluid similar to a '"donut" is produced.

(Fisuro % to be Continued)
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(Figure 3 Continued)

Figure 3. Skylab Fluid Mechanics Demonstration - Rotation of
Water Droplet,

Based on the original work by Plateau (1866), Chandrasekhar
(1965) extends the work and investigated various modes of oscil-
lation on the stability of rotating drops. For an axisymmetrical
form and uniform density, the figure of equilibrium depends on the
value of the non-dimensional parameter £ (Chandrasekhar, 1965)

. @)

o 2 .9
2 arpoa

where © denotes the angular velocity of rotation; a, the equa-
torial radius of the distorted drop; p, density of drop; and a,
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the surface tension.  As £ decreases the figure tends to the

nblate spheroid, and degenerates into a spheré as £ = 0. However,

as £ increases, the figure rapidly departs from the spheroidal

form, The polar regions are flat as E=1; as £ increases beyond

1, the drop develops a digple; and finally the breakup occurs.

_ The theory of time dependent evolution of rotating
stability of liquid droplets has been a very active research

field for many years, It is because of a conipicuous lack of

experimental evidence to backup the boundary conditions assumed

in numerical computation which makes the computer simulation still

not completely explored. In this respect, the Skylab demonstration *

of a rotating droplet has enhanced the understanding of rotational

stability of liquids. : R : o

C. Collision and Coalescence of Water Droplets - Recently

- studies of the dynamics of the collision and coalescence of water
droplets has been widely used in similating the mechanism of
nuclear collision and nuclear fusion. These dynamic studies are
considered to be a significant step in understanding fusion
process of nuclear physics  (Cohen, et al., 1974), .

In cloud physics, the precipitation process is solely
dependent on growth of droplets and ice crystals which is -
governed by the following three stages: (1) growth by nucleation
. process, this process includes condensation, ice deposition, and
freezing of witer droplets and ice crystals on the surface of
foreign substances or of the same substances as nuclei; (2Z) growth
by diffusion process, after a droplet or ice crystal has been
nucleated and has surpassed the free energy barrier or critical
radius, it enters a stage of growth by diffusion; and (3) growth
by collision and coalescence process, the growth by diffusion
process is negligible compared with that by coalescence process
as the size of droplets is greater than 40 microns (u) radius
(Byers, 1965). This implies that the collision and coalescence
process is one of the key processes of rain formation.

Figure 4 shows some selected frames of the collision and
coalescence of two water drops. Picture number 1 shows the dark
colored droplet moving toward the staticnary pink colored droplet.
The volumes of the two droplets are the same, 30 cm®, or a sphere
with a 3.85 ¢m diameter, Picture number 5 is at the moment when
the two colliding droplets reached the critical separation
distance, and suddenly the distance between two colliiding droplets
was bridged and coalescence then proceeded rapidly. Pictures
mmber 7, 14, 19 and 20.show how two of the coalescence droplets
fused into one, and how the nenlinear wave-wave interaction
oscillated in the longitudinal direction. Pictures number 26 and
31 show how the nonlinear wave-wave interaction oscillated in the
transverse direction. Pictures number 39, 51, 59 and 72 show the -
continuous nonlinear oscillations and how the nonlinear damping
effect overcomes the nonlinear growth rate. Pictures number 93,
132 and 151 show the typical small amplitude oscillations of a
- water droplet, _ o o




Figure 4, Skylab Fluid Mechanics Demonstration - Collision and
Coalescence of Water Droplets,

The basic numerical techniques for studying collision and

coalescence of an incompressible viscous fluid are those of the
Marker-and-Cell (MAC) method which were developed by the Los

v :
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Alamos group (Harlow and Welch, 1965). The MAC method solves the

- finite differcnce form of Navier-Stokes equations with the

velocity components and pressure defined over a staggered
Eulerian mesh, The surface tension effects given by Young-Laplace
relation serves as the boundary condition for the free surface.

~ To apply boundary conditions at the edges of the collision

(contact point of droplets), further experimental evidence must

~ be obtained to justify cither the condition of zero tangential

stress or free-slip condition and/or other conditions to confirm
the validity of mmerical computations. In this sense, Skylab
demonstrations of the collision and coalescence of water droplets
has helped in our understanding of this phenomena.

IV DISCUSSIONS AND CONCLUSIONS

. The study of droplet dynamics has been, for Imany' years, one

- of the most interesting topics in the fields of atmospheric micro-

physics, nucleay physics, astrophysics, fluid mechanics » mechani-
cal engineering, nnd chemical engineering. The Fluid Mechanics
Demonstrations (TV 107 Series) performed during the Skylab
missions produced excellent photographic data showing the oscil-
lation, rotation, collision and coalescence of water droplets
which simulate various physical models of interests under low -
gravity environment, Also, these TV.107 series of films provide
interesting observations and illustrate the potential beneficial
use of the low gravity environment for various branches of
research, Particularly, scientific and technical evaluations have
been provided by Skylab demonstrations to support the Zero-
Gravity Atmospheric Cloud Physics Laboratory project in the
future missions of Spacelab/Space Shuttle, :
During the Skylab missions, special equipment was not _
available and video recording was used for data collection, These
video tapes were subsequently transferred to 16 mm movie film
which was then supplied to the researchers for analysis. In this

respect, because of the restriction of speed of video recording, a
laboratory type controlled experiment was not performed in the
Skylab missions. However, qualitative in nature, these films have
provided mich interesting information and illustrate the potential
of an orbiting research laboratory to provide data beneficial to
terrestrial research problems. . :

RO Hﬁng wishes to 'ach:dklcdge the support of NASA/
Marshall Spaci Flight Center through Contract No. NAS8-30247 and

NAS8-31321. In addition, we would like to express our appreci-
ation to the Skylab 4 astronauts, Bill Pogue and Ed Gibson, for

- performing the interesting fluid mechanics science demonstrations.
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APPENDIX A

CONSULTANTS FROM THE CLOUD PHYSICS SCIENTIFIC
COMMUNITY AND PARTICIPATION OF WORKING GROUP MEETINGS

A group of scientists from the cloud physics scientific community
were asked to gerve as consultants for the present contract. Some of the
sclentists were also invited to participate in working group meetings.
The purposes of the seryice and working group meetings were to provide
the advice and thé guidance of the definition of experiments and
scientific input to the cloud physics laboratory project which was
necessary to assure successful experiments on the Shuttle-Spaceladb
Cloud Physics Laboratory. Financial and limited administrative support
for the scientists and engineers participating in the working group
meetings was also provided from this contract. In general, the support
for the personnel to attend the ﬁﬁrking group meetings consisted
prim;rily of financial support for their travel to, ftoﬁ, and daring
the meetings, in addition to limited research activities at their home
locations on speéific items that were identified during the working
' group meetings., The support 6f meating expénses; for example the
workihg group meeting at fhe Plaza Inn, Denver, Colorade (September 16-
18, 1975), was also provided by the present contract. The list of
scientists who served as consultants and/or participated in working
group meetings, requested by the present contract, are as follows:

(1) Dr. Larry ﬁéfbigler - N |
University of Misasouri - Rolla, Roiia, Missouri
(2) 'Df.IJohn.C.'carsténé | -
University of Missouri - Rolla, Rolla, Missouri

- ORIGINAL PAGE IS
- QF PTN)R;CNIAIﬂﬂﬂf



© (3) Dr, Donald E, Coles
California Institute of Technology, Paandena, California
- (4) Dr. Kenneth Dunipace
University of Hissppti—Rplla, Roila. Missouri
ts) Dr;-Harry'EdWarda |
Colorado Scate University, Fort Collins, Colorado
(6) - Dr. Dennis M. Garvey
Colorado State University, Fort Collins, Colorado
{7) Dr. Dnnaidfﬂagen. '
University of Hissouri—Rolla, Rolla, Missouri
(8) Dr. Peter Hobbs | ' '
University of Washington, Seattle, Washington
(9) Dr. Thomas E. Hoffer "
University of Nevada Svstem-aeno, Reno, Nevada
(105 Dr. cherles Hosler e |
Pennaylvania,Stace University, Univeraity Park, Pennsylvania
j (11) Dr. James Hudnon ’ '
. University of Nevada Systeurkeno, Renn, Nevada
(12)' ur. Jim Hughes | I | | |
7” .Naval Research Laboratory Arlington. Virginia
Qa3 'nr. Jim JiuBI:o o |
| | St:ate University of New York, Albany, New York
.'i(léj :Dr James L. Kasaner o o I
: University of Hisaouri~Rolla, Rolla, Missouri _
.-i(lﬁi _Hr..Warren Kncmond ' B :

_fUniverBity of Nevada 5ystem-Renq, Reno, Nevada
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(16)

an
(18)
(19)
(20)
(21)
(22)
(23)

(24)

- (25)

(26)

Dr. Gariand Lala

State University of New York, Albany, New York

Dr. C. L, Lin

University of Missouri-Rolla, Rolla, Missouri

Dr. Henry Loogs |

Laguna Research Laboratory, Laguna Béach, California.
Dr. Fred Rogeté

University of Nevada System-Reno, Reno, Nevada

Mr. Bob Ruskin

Naval Research Laboratory, Arlington, Virginia
Dr. Bob Sax

Experimental Meteorology Laboratory, Coral Cables, Florida
Dr. Pat Squires

University of Nevada System-Reno, Reno, Nevada

Dr. Gabor Vali

University of Wyoming, Laramie, Wyominé

Dr. James W. Telford

: Univetsity of Nevada Syatem-Reno, Reno, Nevnda )
DPr. Helmut Wéickmann |

-NOAA, Boulder Colorado

Dr. Dan Hhite

University of Missouri-Rolla, Rolla, Missouri.
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APPENDIX B
SUBCONTRACTS FOR THE SUPPORT OF TERRESTRIAL
SIMULATION OF SPACE SHUTTLE EXPERIMENTS

The cloud physicsireseatch-under'zero or low érsvity conditions -
offers an opportunity to. answer many problems that can not otherwise
-.be solved on esrth-bounded laboratories. By tsktng advantage of zero
gravity to define many of the processes in clouds thst are not yet -
fully understood, man can influence weather by chsnging, for example,

drop distributions and nuclei concentrations, or by adding pollutant

."composition.'

To support the development work and hardware design ctiteria
ion the Shuttle-Spacelsb Cloud Physics Laboratory Payload, the tertestrial
simulation was urgently necessary. Two subcontrscts were granted £rom
_ the present contract. _ | - -. | |
.' Two reports ccomplished by the subcontractors were tranemittedr
:to NAuAAcoordinator immediately after we received the reports.. A
summary of the reports are as follows. o |
B (1) “computational and Gslculational Support for Terrestrial -
',__.Simulstion Chamber," by J. C. Csrstens and C. L. Lin of
.:rcloud Physics Research Center, University of Missouri-'.n. .
__Rolla, Rolla. Hissouri. . )
| , The genersl natute of the problems related to heat ond
__,:mass transfer in connection with humidity systems, cloud _
:d.;.chamber wall, heat sink, flow analysis through the chsmher,ttv
__gAserosol decay, and drop growth sndlor evsporation for the g

J;simulsted cloud chamber is investigated.



Computatioﬁs on the humidifier system are undertaken
to proVide geidelines for the optihﬁh hunidifier design |
required by specified operating conditions. A general
exﬁreseion 18 derived to give any desired relative humidity
~ for a wet channel with constant temperature of plates.

The thermal analysis'of'rhe terreerriai'uﬂk"eloﬁd ehamber -
shows that the maximum :emperature drops of the inner wall
in one minute are 17-27°C'en& 12:94‘6 vhen the 1p1t1;1.§a11
temperatureerare 25°C and ~15°C, respectively, provided that
the.ﬁaxrmum'teﬁperature.differencelbetweenvtﬁe thermeelectrie
unit 18 limited to 10°C. The temeerature fluctuation along'
the inner wall'for”the_cese of'the‘ieitiel temperature at i
25°¢C is oniy about 07026°C. It seems therefore that the .
thermal analysis could be further simplified-by using-eneé |
dimensional approaeh to the ehole ehanber wall, _ _
N .The.baek-propagaeed'effect bf.the sinusoidal temperarure
fluctuation created by the heat transfer through the cooliug
pipes inside the heat sink is alao considered. It is found |
_rrhat the temperature flucruariqn ie damped out very_rapidly
aﬁa tﬁat.:ﬁe'heat earenindeced:bj.tﬁe.eeolihgzpiﬁes therefore
will not be backﬁpropagated aeriously to the hhermoelectric _
untt. | ' o -

The effect of the flow pnttern by the camera mounted in o
' 'the zero-s cloud chamber is analyzed by assuming axisymmetricf -
; f1uid flow approximated as a potential flow pattern. The

- aolution of the flow. pattern can be used to determine the
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nuﬁber of.holeé to be-drilled or locations and directiﬁns |
of holes to be drilled alons both of the end plates inaide
the zero-g chamber.
The drop growth and/or evaporation in the zero and

the terrestrial chaﬁbéfa are numericaliy simdl#ted-bj using
Adam-Moulton predictor-corrector method. Good agreements
afé.obﬁdinéd with Saad et al.,'s re@uitp_(l9765. ,Thia
methqd is ;hen extended to include fhe gravitational effect
by dividing the chamber into 5 layefs. The profiles of
temperature, aupefsaturation, liquid wate: content, vapor
content, and drop growﬁh with time are qbtainé& along tﬁe
_height of the chamber. It is found that the maximum
' teﬁperatufé and.makimum supersaturation differéncé betﬁeén
layera 1 and 5 are around 0 12°C and 0.01, respectively

for the chararteristic length, 2 = Zum. For & = 200um,
- the maximum cemperature difference between layers 1 and
5 is about Q.OB'c.and the drop éfowtﬁ 15 much slower.than.,
that bf g = 2um. In other wntds, the sedimentation.of
-droplets plays an important role in limiting the expansion
rate. In the present gglgulationg,_;he cqllisign:and.coalv

escence effecg; the ventilation effect, the deposition on

- the wall, the mass diffusion, and the heat transfer are

‘hegléﬁ:ed. waeﬁér,,the*iattgr twb,factors will be added_
._:o the program 1n the future. '

~'the coolant flow Analysis of zero-g simulated cloud

rtchqmber is alsq;iqcluﬁed'in'thia.repgrt{';Hbjggnciude-that_ e



(2)

some kind of heat-resistance material whose magnitude is =
linear function along the flow direction, must be inserted

between the channel and its upper wall in order to limit the

temperature fluctuation inside the chamber wall. The

difference between the solid wall temperature at the inlet

and the inlet fluid temperature is also an important factor

in limiting the temperature fluctuation and the cooling rate.
Several cases of calculations which are based on different
boundary conditions are conducted.

"Critical Review of Terrestrial Environment (Climatic)
Criteria Guidelines fﬁr Use in Aerospace Vehicle Development,"
by E. A..Carter,_Consulting'ubteorologist of Huntsville,
Alabama,

Thia is a review of terrestriﬁl enﬁironment data which

can be applied to the Space Shuttle and other‘prugrams;
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