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	 Since August 1, 1-78, USRA has provided support to cloud

un physics research and related activities at Marshall Space Flight

Center through Contract NAS8-33131. The primary activity has been

Z, support for a USRA visiting Scientist, Mr, David C. Bowdle,
r
U,

who has been carr;7zng out laboratory and field research in con-

junction with research programs managed by Dr. B. Jeffrey Anderson.
^a

^i	 ^ Research activities were fully documented in quarterly reports,
r4 1

as	 which are appended to this Final, Report. Since the date of the
:4- 4
alast quarterly report, October 31, 1980, Mr. Bowdle has continued

U ,4 
04) 44 to carry out research along the lines already reported. In aad. Lion,
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o cu") Dr. Kenneth V. K. .Beard of the University of Illinois conferred with

P4 4J -:+U Dr. Anderson and others at MSFC on cloud physics programs.
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PROGRESS REPORT: 	 Contract NAS8-33131

Research Study:	 Warm/Cold Cloud Processes

Period:	 July 1, 1980 -- October 31, 1980

During the reps-rtinig period, USRA Visiting Scientist

David A. Bowdle continued to perform research on cloud

physics, ice processes, and related problems within the

group headed by Dr. B. Jeffrey Anderson. Mr. Bowdle also

attended the VIIth International Conference on Cloud

Physics July 15-19 in Clermont-Ferrand, France. A small

fraction of Mr. Bowdle's effort has been devoted to

activit,es relating to atmospheric aerosols. His narrative

report for June 1 to August 31 is attached. Since the end

of August, Mr. Bowdle has continued study of the Hallett-

Mossop ice multiplication process, and has been working on

a final report on the saturator calibration study. These

activities were carried out in collaboration with Dr. James

Carter., another USRA Visiting Scientist.

The Contract, NAS8-33131 terminated on November 14,

1980. Therefore, this is the last periodic report that will

be submitted. A final report on the Contract will be

submitted covering the entire contract effort. A Budget

Summary through the end of October, 1980 is attached.

Respe fully/,Submitted,

f	 /T	 ^

M.H. Davis, Ph.D.
Principal Investigator,
Program Director for
Atmospheric Processes

Distribution: MSFC
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SEVENTH QUARTERLY REPORT

._ CONTRACT:	 NASS-33131, Warm and Cold Cloud Processes

FOR:	 The National Aeronautics and Space Administration (NASA)

WITH:	 The Universities Space Research Asso4ation (USRA)

PERIOD COVERED:	 June 1 - Augus4 31, 1980

BY:	 David A. Batrdla,,4Q BA Visiting Scientist at
Marshall Space Flight Center (MSFC)

TO:	 M. H. Davis, Program Director, USRA Bpulder

I. Past Effort

During the past three months, work has been accomplished under t'ais contract
in four principal areas:

• Attendance at the NASA /MSFC FY-80 Atmospheric Processes Research Review,
June 3-5, 1980, in Huntsville, Alabama. A brief presentati,,-a w;_s given at this
review on the gravimetric test for the performance evaluation, of a precision
saturator. The current status of the test program, some significant technical
challenges in the test hardware, and some preliminary-results were described
in this presentation.

e Attendance at the VIIth Tuternational Conference on Cloud Physics,
July 15-19, 1980, in Clermont-Ferrand, France.

« Four calibration runs, using the gravimetric test system, followed by
numerous small modifications to the test equipment and test procedures. The
saturator performance has been verified to + 2% in these runs.

e Limited technical assistance to the MSFC Airborne Laser Doppler Program.

II. Results

A. International Cloud Physics Conference

About two hundred papers were presented jur3.ng ^hr'+ conference, covering
studies in cloud midrophysical phenomena; the evoluti.on o.f the cloud particle
spectrum; interactions among the microphys^czal-, cloa,d-, and meso-scales of
phenomena; and advances in cloud physics ',nstrumentation. Results of major importance
to the understanding of fundamental cloud physics processes were presented by
several workers in two general areas: (1) the initiation and propagation of the
ice phase, and (2) the potential of inhomogeneous turbulent entrainment for
accelerating the broadening of cloud droplet spectra.
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:Ice Nuclei Apparent concentrations of ice nuclei, determined by
the filter sample technique, de--ay rapidly after the sample is acquired.
"his decay is particularly evident at temperatures above about -120C. This
troublesome result, combined with the well-known "volume effect," increases the
general skepticism in the validity of ice nucleus concentrations from filter
samples. Moreover, simultaneous measurements of ice nucleus concentrations
by-the filter technique and by a continuous flow diffusion chamber suggest that
the filter technique can underestimate ice nucleus concentrations by an order
of magnitude or more. Themer latter results call into question the validity of
many reported instances of ice multiplication.

Ice Multiplication A review of the Hallett-Mossop ice multiplication
process was presented in which certain types of geographical regions were
classified according to their climatic potential for supporting precipitation
production through this multiplication process. Recent laboratory studi;ts
strongly suggest that the Hallett-Mossop process is associated with the shattering
of .ice spicules ejected from freezing droplets. However, airborne measurements
suggest the possibility of another ice multiplication process, possibly outside
the Hallett-Mossop range of -3 to -80C, by the breakup of fragile rime structures.

Entrainment Theoretical and experimental work was presented to support
the-hypothesis that inhomogeneous turbulent entrainment accelerates the broadening
of cloud droplet spectra. The lively discussion following these reports emphasized
that this process is likely to be quite important in some clouds, such as long
lived stratus, and considerably leso important in large clouds or storm systems.

B. Gravimetric Test

Four calibration runs have been made so far. The gravivietric test
equipment has remained largely intact throughout these runs, except for
numerous small modifications in the connections from the air sample line to
the cold traps and in other attachments to the traps. A schematic of the current
system is shown i,n Figure 1. The test system has evolved into a form considerably
morn complex then was originally envisioned. For this reason, a significant
portion of the work on the gravimetric test has been devoted to —aluating
modifications of the test procedures.

Much progress has been made since the last report in alleviating trap
inlet icing. Early test runs were usually aborted within five to ten minutes
because the inlets were completely iced over. Direct heating of the inlets at
the locations most susceptible to icing has drastically retarded inlet icing in
the calibration runs. It is now possible to complete a twenty min `e run without
total blockage. It was also possible, in the most recent run, to delay significant
inlet icing until well into the run and later in that run, to remove much of the
ice that had been deposited in the inlet. Even though the inlet icing is no
longer severe enough to abort a run, it does partially restrict the sample airflow.
This restriction creates an erratic, but generally rising, pressure in the
saturator and reduces the sample flow rate through the saturator., As a result,
it has not been possible thus far to acheive both a constant flow rate and a constant
saturator pressure throughout a run. Therefore, determination of an average saturator
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pressure, for input to calculations of the theoretical mixing ratio, has proved
to be rather cumbersome. Icing of the trap inlets also requires special
procedures to ensure that the collected water is driven into the traps before
they are sealed, warmed, dried, and weighed.

The ejection of ice pellets from the trap outlets, which was noted
in the early runs, is still prerent. Ice pellets have been observed in the
outlet of the first trap from time to time during several of the calibration
runs. Careful experimental procedures are expected to minimize the effects of .
pellet ejection on the accuracy of the gravimetric test. First, the moist sample
air passes through three sequenw:ial cold traps, each operated at a lower temperature
and experiencing a lower water load than the previous trap. Hence, ice pellets
ejected from the first trap are likely to be retained by the second and third
traps. Second, ice pullets caught in the plumbing between traps should be driven
out during the first stage of shutdown, in which the traps are maintained at a
very cold temperature, the interconnecting plumbing is warm(.4d, and the trap system
is flushed very slowly by very dry air.

The final significant problems in the gravimetric test have occured
during the weighing procedure. On several of the runs, a steady mass loss was
observed in one or more of the traps on the Mettler Balance. Recent tests
suggest that this drift, which can easily produce errors of up to 0.5% in the
test results, can be prevented with more reliable stoppers. However, these
same tests also show that the equilibrium mass of the trap appears to depend on
the manner in which it was treated after the run. This result suggests that the
trap body exterior may be retaining a significant quantity of the water that
condensed on it during the cold-temperature stage of a run. It is expected that
improvements will be required in the procedure for drying the trap exterior after
each run.

Except for the problems noted above in determining the mass of water
collected in the cold traps, the basic measurements required for the gravimetric
evaluation of the saturator appear to be fairly well established. Hence the most
likely sources of error in the experiment can probably be narrowed down now to
three general categories: Saturator error, low trap efficiency, and improper
procedures (such as undetected leaks, improper drying of the traps, flushing the
cold traps with moist gas instead of dry, and various other errors of like nature).
The remaining effort on the saturator verification will consist of a thorough
error analysis (including these procedural errors), a few more runs to determine
the relative performance levels of the saturator and the gravimetric systems, and
then a final report on the entire saturator calibration project.

C. Doppler LIDAR

Participation in the Doppler LIDAR prograr. during the past quarter has
been restricted to attendance at a recent scientific working group meeting for
the 1981 LIDAR field progt ,m and oversight of a literature search on measurements
of atmospheric aerosol concentrations. Among the various experiments proposed
for the airborne LIDAR system by working group members were several which take
advantage of the Doppler LIDAR's unique capabilities for cloud physics studies.

M
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r 111. Planned Effort

During the next three months of the contract year, work is expected to
be accomplished in the following principal areas:

1. Completion of the saturator calibration study and preparation of
a final report on the calibration project.

2. Preparation of professional papers on the size distribution of cloud
condensation nuclei and'on airborne measurements of atmospheric aerosols, as
well as final write-ups of other ACPL-related studies.

1. Limited daystlopment of the charged-droplet levitation chamber,
including proof-of-concept experiments and a literature survey of charged-drop
phenomena.

4. Continued limited technical.assistance to the r1SFC Airborne Laser
Doppler Program. This assistance will inclu6e preparation of a consultant's
report on global measurements of background aerosol concentrations and
attendance at subsequent scientific planning or program review meetings.

r
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PROGRESS REPORT; APRIL 1, 1950 -- ,JULY 1, 1950

RESEARCH STUDY: WARM/COLD CLOUD PROCESSES

CONTRACT NAS8-33131

During the reporting period, Mr. David A. Bowdle continued
as USRA Visiting Scientist, performing research on cloud
provosses under the direction of Dr. B. Jeff-rey Anderson
of the MSFC staff.

Mr. Bowdle's narrative report is included as a part
of this report.

No problems have developed that would impede progress on
this Contract.

Respectfully submitted,

M. H. Davis, Ph.D.
USRA/Boulder
Program Director

DISTRIBUT ION %	 NASA/MSFC AP29-F	 1
AS24-D	 3
AT01	 1
EM63-12	 1
ES84	 3

USRA-Hq 2
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of the appropriate aerosol particles in the region of interest. Negotations
are underway with MSFC personnel to determine the scope of the required
consultation effort.

111. Planned Effort

During the next three months of the contract year, work is expected to
be accomplished in the following princitial areas:

I. Attendance at the NASA/.k46SFC FY-80Atmcspheric Processes "Nesearch
Review, in '4untsville, Alabama, on Juno 3-5, 1980, A brief presentation
will be 4iven on the gravimetric test of the saturator.

2. Attendance at the VTIIth '.nternational Con rerence on Ioud Physics,
in Clerm-ont - Ferrand, France, on 13-19 July 1980.

u. Preparation of ;a era on cloud	 :'.-eory
and field measurements of azmospreric aerosol, as will as final	 o".

the sat-irp ror cali.,ration and other ACP. - related studies.

development o f the drop l et l evization :.amber; par"cu l	vC,	 . $.	 I	 triA

a*',mt!d att, proving the concept 
of 

the levitation Cha"mber.

3. Continued technical assistance as appropriate to the MSFC Laser
Doppler Program, At present, this assistance consists of participation in
working group meetings 4 or planning deplo-gent 

of 
the LDV s ystem and monitoring

of a literature review on background aerosol concentrations,



Fifth Quarterly Report

CONTRACT:	 NAS8-33131, Warm and Cold Cloud Processes

FOR:	 The National. Aeronautics and Space Administration (NASA)

WITH:	 The Universities Space Research Association (USRA)

PERIOD COVERED: November 15, 1979 - February 29, 1980

BY:	 David A. Bowdle, USRA Visiting Scientist, Marshall Space Flight Ctr.
(M.SFC)

TO:	 M. H. Davis, Program Director, USRA Boulder

I. Past Effort

During the past three and a half months, tvOrn has been accompI43hed
under this contract in two principal areas:

1. Design, development, and assembly of a prototype static diffusion
chamber with applied electric field for droplet levitation studies.

2. Final development of the gravimetric test for performance evaluation
of a precision prototype saturator.

II. Results

A. The Droplet Levitation Chamber

The static diffusion chamber has been assembled and operated.
The results from these preliminary operations suggest that the thermal plates
with counter-flowing coolant channels will provide adequate thermal uniformity
in the chamber. The sensitive inner surfaces of the chamber end plates have
been nickel-coated to improve corrosion resistance. The remaining portions
of the end-plate surfaces have been painted with a high-voltage compound
to provide electrical, isolation between each end alate and its thermal plat^a.
Temperature measurement for the chamber (,i-1 -1 be provided by coa^ P tther,;isfoz
embedded in the chamber end plates, sub ,;; c:: to c t
coatings to dielectric breakdown.

Several mesh .media have been ^?s T=,c; ar to l'. r -. ,:: r
surfaces. Several grades of filte*.
cellulose membranes, cellulose Filter	 s.^..:
activated charcoal. The 4harco?1-to^••_' 	 _ !^ ..,.
wicking, and flatness Properties he y: ^t . .; ^^. ^. : ,	 ta•..	 _
weaker and thicker than des:.red. Ot: •,er	 . ter papers -wL;-...

stronger, but with somewhat poorer wick-_';:Q and ftatne g s '21 aracter:.sc.4::5, av<l
very poor optical quality. Metal meshes were examined and found to be
difficult to adapt for the levitation chamber. Information was also obtained
on various kinds of gel systems, but no s amples have been tested thus far.
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One of the various filter papers, such as the charcoal-loaded paper,
will probably make a suitable wicking surface for the diffusion chamber.
Filter papers are particularly desirable for one of the less-common
modifications of these chambers, in which pure water is replaced by a
saturated salt solution on one or both plate surfaces. Since the
air near the chamber boundary may be significantly subsaturated in this
latter configuration, low supersaturations (N 0.1%) may be readily
obtained in a portion of the chamber with a relatively large temperature
difference (,v 5 C) between the plates. By contrast, in the normal pure
water coaftguratica, low supersaturations can be obdtained only by
maintaining very small temperature differences (,+1 C) between the-two
plates.

The optical system is the main portion of the levitation chamber
yet to be designed. Development of this system and related components
(such aa . the-sidewalls) will probably be deferred until the rest of
the chamber is operational and the levitation concept is shown to ;,cork

in a laboratory environment. Proof of the Levitation concept will also
require suitable droplet generation techniques for the various ranges
of droplet sizes and droplet charges to be studied. A few such
generation systems have been checked thus far and they were found to
produce droplet concentrations adequate for study.

B. Gramimetric Verification of Saturator Performance

The gravimetric test system now appears to be ready for final
operation. Dry bottled air has been acquired from Matheson and the

`	 plumbing system for the test is complete. A change was ;na y' in the test
concept by replacing one cold trap (operating at very low t, .^eratures
( -100oC))with serial cold traps operating at progressively lower
temperatures (e.g., -40, -80, -120 ` C)). This codification is expected
to eliminate the problem of ice pellet ejection from the initial cold
trap, as well as• to r,rovide a, simple measurement of trap efficiency.

During the previous quarter, NASA =anagement has been evaluating
the Atmospheric Cloud Physics Laboratory (ACPL) program for the Space
Shuttle, after a Critical Design Review on the AC:OL project 4 a ^cto.oer,
1979. Because of the likelihood of program cancoliatioa, ..itt7e e:_-.,rt
was expended under this contract during t't:.s cuaYter wn
or of ACPL related objectives, such as
that the ACPL project has been offi:.za L, 1 _ rn rat.:c	 _ . .
longer appears to be a pressing reason to acli2 = i j

in the saturator calbiration. Neverthelas	 s ginc z. t':
and procedures were designed to achieve su,:, strin',a;,^ ... ..^;•
reasonable to hold 0.05% as a goal for the cal jrstior. ac4i,^,,,.

"'^
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III. Planned Effort

During the next three months of the contract year, work is expected
to be accomplished in three principal areas:

1. Assembly and testing of the prototype levitation chamber. Testing
is expected to include proof of the levitation concept, evaluati ,an of
various wicking surfaces, and droplet-generation/droplet-sensing
techniques. Particular attention will be paid to the aidequacq of the high
voltage isolation for the thermal plate and the thermistor system to ensure
that the levitation system can be operated safety.

2. .Completion and documentation of the saturator test (under relaxed
restrictions) using the gravimetric method and an alternate vapor pressure
method.

3. Numerical solution of the cloud condensation nucleus (CCN)
activation polynomial derived from the Kohler equation, and preparation
of a professional paper on the results. This treatment may also be
extended to include a treatment of electrical effects and of surface
energy effects in mixed nuclei.

j
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PROGRESS REPORT; October 1, 1979 -- March 31, 1980

RESEARCH STUDY: WARM/COLD CLOUD PROCESSES

CONTRACT: NAS8-33131

This Report covers two quarters. Mr. David A. Bowdle
has continued, to perform laboratory research on cloud
microphysics under the direction of Dr. B. Jeffrey Anderson
as a USRA Visiting Scientist. His research activities during
the reporting period are fully documented in the two reports
attached.

Other activities during the reporting period included
sponsorship of travel of Dr. M. H. Davis to Marshall Space
Flight Center and to Washington, D. C. to confer with
NASA officials on aspects of contract activities and on
technical problems related to cloud microphysics. In addition,
the following scientists were brought to MSFC to confer
with Dr. Anderson and others there on cloud physics anal,,
in particular, its relation to atmospheric electricity:

D:.c. Donald R. MacGorman, University of Oklahoma
Dr. Hugh Christian, New Mexico Tech
Dr. C. R. Church, Purdue University
Dr. William Beasley, University of Florida (Gainsville)
Dr. E. Philip Krider, University of Arizona
Dr. William L. Wolfe, University of Arizona

No problems are known to have developed that may impede
progress on this Contract.

Mr. Bowdle will continue as USRA Visiting Scientist during
the next reporting period.

Respectfully submitted,

M. H. Davis
USRA/Boulder
Program Director

Distribution:

NASA/MSFC:	 AP29-F	 1	 USRA/HO 2
AS24D	 3
AT01	 1
EM63-12	 1
ES84	 3
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FOURTH QUARTERLY REPORT

CONTR14CT; NAS8-33131, Warm and Cold Cloud Processes

FOR: The National Aeronautics and Space Administration (NASA)

WITH: The Universities Space Research Association (USRA)

PERIOD COVERED: September 1 - November 15, 1979

BY: David A. Bowdle, USRA Visiting Scientist, Marshall Space Flight Center (MSFC)

TO; M. H. Davis, Program Director, USRA Boulder

I. Past Effort

During the final two and a half months of the contract year, work has
been accomplished under this contract in four principal areas;

1. Preparation for and participation in the NASA Severe Storms and Local
Weather Review, held in Huntsville, Alabama, on September 12 and 13.
A numerical feasibility study on "The Stable Levitation of Charged Solution
Droplets by an Electric Field in a One-g Static Diffusion Chamber" was
presented at this review. This feasibility study was also included in
the Third Quarterly Report under this contract.

2. Continuing technical assistance with the design and development
of the Atmospheric Cloud Physics Laboratory (ACPL). This effort was
concentrated between October 9 and November 1. during the Critical
Design Review (CDR) for ACPL at MSFC.

3. Design, development, and assembly of a prototype static diffusion .
chamber with applied electric field for droplet levitation studies.

4. Development of the gravimetric test for performance evaluation
of a precision ACPL prototype saturator. A summary of the development
work on the levitation chamber and the gravimetric test follows:

II. Results

The levitation chamber itself is nearly complete. Thermal plates
for the chamber are provided by the end plates of a prototype expansion
chamber. These thermal plates utilize counter-flow in adjacent equal-
flow channels and are expected to provide the high degree of steady state
thermal uniformity desired for precision studies of cloud microphysical
phenomena. The chamber sidewalls, end plates, and material for thermal
insulation and electrical isolation have been assembled. A 3 k V and a
15 k V power supply have been obtained. Several controlled temperature
fluid circulators are available in the laboratory, as are various
standard aerosol generation systems.

The remaining subsystems to be assembled are the optical components
and the temperature measurement system. Finishing touches are still
required for the chamber end plates, including anodizing the interior
aluminum plate surfaces. The most significant technical problem at
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this time (and one which is also of great concern for ACPL) is the choice
of a suitable end plate wicking surface. For concept testing,
various felts or filter papers are expected to be adequate. However,
for precise work, an improved wicking surface is expected to be required.
Readily available materials, such as nylon net and pure cellulose
membranes are being tested for this prupose; however, the General
Electric project scientist for ACPL (Larry Eaton) has recommended the
ebonized copper mesh which is being used in ACPL.

Several sensors have been acquired for the gravimetric test. A
moisture monitor sensitive to a few ppm of water vapor is being connected
to the water trap outlet to determine trap efficiency. Pressure and
temperature sensors have been acquired and tested and are considered to
be adequate for evaluating the gravimetric test concept. High - purity
Matheson dry air has been ordered and suitable bottles for locally
available MSFC missle-grade air have been located. Preliminary calibration
testing is expected to begin in late November.

III. Planned Effort

During the first three months of the coming contract year, work is
expected to be accomplished in five principal areas.

1. Continuing technical assistance, as required, with the design
and development of the ACPL. The magnitude of this effort will become
much clearer after the final results of the ACPL CDR are in.

2. Final development of the gravimetric test as a means of evaluating
saturator performance. Concurrently with this work will be a comparison of
the gravimetric and vapor pressure techniques for testing the saturator,
and the evaluation of a plasma (glow discharge) technique for cleaning
the wicking surface on the saturator and other chambers.

3. Design, construction, and testing of the prototype levitation
chamber and evaluation of various droplet- sensing and droplet-generation
techniques.

4. Numerical solution of the GO activation polynomial and preparation
of a professional paper on the results. This work may also be extended to
include a treatment of electrical effects (for use in the levitation studies)
and surface energy characteristics.

5. Final documentation of the following research:

a. Sensitivity of warm cloud development to cloud.updraft
and aerosol nucleus spectrum.

V_
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b. Sensitivity of warm cloud formation to composition, aerosol,
spectrum, and initial temperature and pressure of the carrier gas.

c. Verification of saturator pevl.ormance.

IV. First Annual Report

Significant accomplishments during the past contract year and plans
for the new contract year are summarized in the First Annual Report (see
inclusion).
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THIRD QUARTERLY REPORT

CONTRACT: MAS8-33131, Warm and Cold Cloud Processes

FOR:	 The National Aeronautics and Space Administration (NASA)

WITH:	 The Universities Space Research Association (USRA)

PERIOD CO1'ERED: June 1 - August 31, 1979

BY:	 David A. Bowdle, USRA Visting Scientist, Marshall, Space Flight Center

TO:	 M. H. Davis, Program Director, USRA Boulder

1. Past Effort

During the past three months work has been accomplished under this
contract in five principal areas:

1. Continuing technical, assistance as needed in support of the Atmospheric
Cloud Physics Laborator y (ACPL).

2. Attendance at the ACPL prime contractor's (General Electric) Interim
Design Review (IDR) and the Principal. Investigator's (PI) Preliminary
Requirements Review (PRR)	 June 5-7 at Marshall Space Flight Center
(MSFC).

3. A brief study of selected factors affecting warm cloud formation
(as a result of concerns which were raised by the PI's during the IDR and
PRR meetings). This study showed that the time of cloud formation during
an arbitary expansion is independent of carrier gas composition for ideal gases and
independent of aerosol concentration for low concentrations of very small aerosols.

4. Laboratory tests of the equipment and procedures for gravimetric
evaluation of a precision saturator. The plumbing and flow controls have
been completed and several tests have been run on the cold trap. The trap
inlet froze shut during the initial runs; this problem was solved by replacing
the original plastic inlet tubing with heated copper sheath tubing.
Moderately large ice pellets or ice clusters (N 0.5cm) were ejected from
the trap outlet during portions of several runs. Heating the inlet line
appeared to reduce this V oblem; but did not completely eliminate it.
The inlet and outlet 11-nes have been redesigned, replumbed, and are
now ready for use. The present trap configuration is expected to achieve
the high trapping efficiencies (r499.95%) required to develop a test
procedure with a resolution of 0.05%.



2.

3. A numerical feasibility study for the stable levitation of charged
solution droplets by an electric .field in a ono-g static diffusion chamber.
This technique is expected to be useful both For basic research in cloud
microphysics and for evaluation of various low-gravity droplet handl$ng
techniques. This feasibility study was prepared for presentation at the
NASA Severe Storms and Local Weather Review in Huntsville, Alabama, on
September 12 and 13. 'Cho results of the study are described in Section ".I
below.

II, Results

A. Concept and Operating Principles

The levitation technique uses an electrical potential (V) aapplI ed
between two parallel plates separated by a distance (H) to support as
layer of charged droplets against gravity (Fig.1). The interior surfaces
of the two plates are covered with a thin layer of pure water. The top
plate is maintained at a temperature slightly higher than the bottom
plate. This temperature dtiference produces at steady state a linear
temperature gradient (T) and a linear water vapor pressure gradient (Pw)
between the plates (Fig, 2). The exponential dependence of the equilibrium
water vapor pressure (Ps) on ta'mlexature produces a parabolic supersaturation
profile (Pw/Ps) within the chamber, with saturation aL each water surface.

If a charged salt aerosol (e.g., NaCl) is introduced into the chamber
between the plates, each solution droplet which forms from the salt aerosol
will, at steady state, achieve a stable equilibrium at some given level
in the lower portion of the chamber. This stability arises because of
the simulataneous force balance on the droplet (between the electrostatic
force and the gravitational force) and thermodynamic equilibrium of the
droplet (ambient water vapor pressure equal to the equilibrium water
vapor pressure at the droplet surface). If the droplet rises above this
equilibrium position in the chamber, it encounters an ambient water vapor
pressure higher than it-s equilibrium value and tends to grow in response.
However, the resulting increase in mass disturbs the force balance, and
the increased gravitational, force tends to bring the droplet back to its
equilibrium level. Similarly, if the droplet falls below its equilibrium
level, it tends to evaporate and hence to be returned toward its equilibrium
level.

Obviously, this type of stable equilibrium is possible only in the
portion of the static diffusion chamber where the supersaturation
increases with heighty Hence, the levitation technique will work just
as well in a diffusion chamber wth a subsaturated lower Plate surface.
This configuration may be obtained by substituting for the pure water
surface on the bottom plate either an aqueous salt solution, as Sun gt al
reported, or a flat surface of solid ice.

±.IY
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The levitation technique described here difftra from that reported
by Sun et, 1 in several ways. Most importantly, this levitation
technique takes advantage of the Kohler theory (Fig. 3) for the
equilibrium water vapor supersaturation over the surface of an inactivated
solution droplet of a given size and containing a given salt moss.
Sun a-t al had minimal control over their salt masses, and, therefore,
they probably utilized the metastable equilibrium of activated droplets
(depicted on each Kohler carve by points to the right of the maximum).
This type of operating condition apparently restricted them to a droplet
layer at or near saturation (100% relative humidity), which condition can
be achieved only in a diffusion chamber with a subsaturated bottom plate.

S. Auplicati.ons

The modification proposed here offers a great deal of flexibility.
For exampla, if a monodisperse dry salt aerosol can be produced with a
monodisperse charge distribution, and if the salt mass is small enough
so as to remain uuacti.vated by the highest supersaturation in the chamber,
then a single thin layer of monodisperse droplets will be supported at
some given level in the sower portion of the chamber. In this configuration,
the chamber can be used to study a wide range of cloud microphysical
problems (Tables 1). For example, if the salt mass changes during the
course of an experiment, the equilibrium conditions for the droplet will
change In a measurable way. Hence, this technique can be used to investigate
gas and particle scavenging with a sensitivity not even approachable
with standard microchemical trace analysis. T,t can also be used to
investigate other areas bf aerosol physics and droplet growth, such as
measurement of phoretic forces and aerosol soluble mass, verification
of Kohler theory and the new CCN theory described in the 2nd quarterly
report, and growth of unacti,vated and nearly activated or ,dust activated
droplets. It may also be possible to use this technique to map changes
in steady state vapor fields produced by perturbations at the chamber
boundary or near probes inserted into the chamber.

Alternate configurations would utilize a polydisperse charge
distribution on a monodisperse salt aerosol, resulting in distinct
multiple layers of droplets in the chamber. This configuration would, of
course, be limited to small charge numbers so that one droplet layer could
easily be distinguished from another. The logical extension of this
configuration is a polydispersi.ty 6f both salt mass and droplet charge,
resulting in a continuous cloud of droplets throughout the lower portion
of the chamber.

Several areas of investigation in ice physics seem accessible using
the various configurations described above. For example, freezing of isolated
solution droplets could easily be observed. Water va por profiles around
ice crystals, particularly those which are neither growing nor evaporating,
could be observed with a thin droplet layer. Transient vapor fields around
growing ice crystals may be observable with a thick droplet ;sayer. Finally,
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using a configuration very similar to that of Sun nt„ al, except with
colder temperatures, it may be possible to produce a stable layer of
free-floating ice crystals or to study an isolated free-floating
crystal, One might also suspect, if this technique is feasible for

studying ice crystals, that it may be applicable for studying other
types of crystals in a free floating mode as sell.

C. Operating Limits_

This levitation technique obviousl y offers a great deal of
flexibility and versatility, although not without a price. The
electrical fields or charge numbers required to support even moderate
droplet sixes can quickly become impractical or unattainable in the
laboratory. More seriously, the electrostatic and hydrodynamic forces on
the droplets can actually alter the microphysicak ;quantities of intereat,
such as the equilibrium water vapor pressure, droplet growth and
evaporation rates, and even droplet shapes and radii of curvature.
The following section describes the operating range and limits of the
levitation technique.

The levitation technique is limited by Brownian motion to particle
diameters larger than about 0.3 to 0.5 1= (Fig. 4). The average
Brownian displacement for particles smaller than this size quickly becomes
significant, particularly over the extended experiment time for which this
technique is well suited. In fact, the insta_ntMqUL Brownian velocity
of a given droplet at any given time is significantly larger than its
avers a Brownian velocity; this instantaneous velocity remains larger
than the sedimentation velocity for particle sizes well above 0.5 Fm
diameter, It may well turn out that these large instantaneous velocities
prevent these very small .droplets from achieving stable equilibrium. In
addition, these small droplets are difficult to detect using the required
remote telescope (by comparison, the optics for the Atmospheric Cloud
Physics Laboratory (ACPL) cloud chambers are designed to detect 2 pm radius
droplets; some Improvement is possible in the laboratory by increasing
light intensities). The combination of these two effects may restrict
the operating range of the levitation technique to droplets somewhat larger
than 0.5 Pm diameter.

The plate temperatu-^ differences required for stable: support of
droplets between about 1 ,4nd 100 pm radius lie between 0.1 and I.OQC
(Fig. 5); these conditions are readily achievable ar;d have been used for
several years in continuous flow diffusion chambers (CFn's). The very love
supersaturations required for stable levitation of drops between 100
and 10,000 pm (lcm) radius would call for plate temperature differences
between 0.01 and 0.10 C; these conditions are expected to be quite difficult
to achievi in the laboratory (by comparison, the diffusion chambers being
developed for ACPL are designed for a plate temperature spatial uniformity
of O.OloC). It may be possible to use as temperature controllers certain
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constant temperature physical processes whose critical temperatures differ
by only a small amount (for example, phase changes near the triple point
and the ice point l or phase changes with solutal freezing point depression
or vapor pressure elevation). An alternate means for achieving such low
supersaturati.ons may be available with the subsaturated lower plate
configuration. This conf:,i,guratic:n depresses the supersaturation everywhere
.,i.thin the chamber excopt at the top plate. By careful choice of plate
temperatures and bottom plate condition, it may be possible to produce
quite low supersaturations inside the chamber with good spatial resolution.

Dry aerosol sizes required to produce the desired droplet sizes
range from about 0.1 fim to 2.0 fa radius for droplets between 1 and
100 pm radius and 2.0 pm to 215 fun radius for drops between 100 and
10,000 µm radius. Of course, for the very large drops, a large plate
spacing would be required to prevent significant gradients in supersaturation
e :Toss the drop body. The combination of the above effects may restrict
the operating range of the levitation technique to droplets smaller than
about 100 pm radius.

The electric field and charge number limits for the levitation
technique are shown in Fig. 6 . For charge numbers at the Rayleigh
limit, the effective surface tension of the drop is reduced to zero, The
drop then becomes unstable and is subject either to charge loss or to
large amplitude oscillations which disrupt it. For charge numbers somewhat
below the Rayleigh limit, alterations in the equilibrium water vapor pressure
above the drop and in drop growth and evaporation rates, due to the high
drop charging, are expected to become significant. On the other hand for
electric fields at the Taylor limit, the drop becomes elongated and develops
a point instability at its two ends. This point then released the instability
by means of charge or mass loss, or both. For electric fields somewhat below
the Taylor limitsalterations in the equilibrium vapor pressure above the
drop and in drop growth and evaporation rates due to the induced charge,
separation and change in drop shape, are again expected to become significant.
Finally, for high drop charging in high electric fields, the two effects
combine to "pinch off" the operating range accessible to the levitation
technique at charge and field levels significantly lower than would occur
if a ch effect were operating independently.

The relationships presented in Fig. 6 suggest another use for
the levitation technique, in which the existence of the Rayleigh and
Taylor limits is used to advantage. Namely that, this technique is an
ideal means by which to investigate the conditions and mechanisms of
electrical breakdown in a moist, droplet filled atmosphere with a
carefully controlled and accurately known relative humidity. For
example, the Rayleigh boundary and the "pinched-off region" of high drop
charging and high field strength can be accurately mapped. A particularly
interesting region to investigate is the Taylor limit. The breakdown voltage
for air tends to be in the range of ten .. Kilovolts per cm, and it shows
significant variations with gas pressure and composition. Dawson and his
colleagues at the University of Arizona performed an elegant set of
experiments in which they determined the electrical breakdown mechansim
at the surface of hanging water drops, as a function of drop curvature and
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field strength. Similar experiments have been performed for drops falling
in a wind tunnel. However, no comparable experiments have apparently
been carried uut for free floating drops in a calm, stable atmosphere.
It is conceded that the results of this type of investigation may not
be directly applicable to the atmosphere; however, Dawson attempted Just
such ail application from the results of his "hanging drop" studies. He
also used the results of these studies to good advantage in the interpretation
of his later work on falling drops. The results of a comparable study on
stably levitated drops are expected to be similarly fruitful.

D. Sensitivity

It is useful at this point to examine the sensitivity of the
levitation technique to changes (or errors) in the various parameters
which enter into the equilibrium conditions (Figs. 7-11). The starting
relationships are the electrical/gravitational force balance, the Kohler
equation, and the static diffusion chamber supersaturation profile.
(Fig. 7) Assuming that these relationships hold, the equilibrium
differentials are easily determined (Fig. 8). Logarithmic farms are
used for convenience in deriving the final relationships. Activation
relationships (Fig. 9) are easily derivable or obtainable from Fletcher,
Mason, and Byers. Finally, the equilibrium differentials can be
combined as shown in Fig. 8, rewritten in terms of the activation
relationships in Fig. 9, and expressed in exceedingly sample form as
shown in Fig. 10. This final expression relates changes in selected
parameters to changes in other parameters, assuming that equilibrium
is maintanined throughout. The coefficients of these differential changes
are easily evaluated and are shown in Fig. 11.

Similar sensitivity studies may be performed for the more exact
expressions which incorporate buoyancy, phoretic, and Brownian effects
into the force balance; electrical effects and the new CCN theory into
the Kohler equation; and wall effects or subsaturated lower plates into the
supersaturation profiles. Likewise, when the equilibrium differentials
shown.in Fig. S are combined, other variables can be eliminated so that
the final equilibrium differential includes drop growth rates or ramp
rates in the plate temperatures.

As an application of the sensitivity study which was performed,
consider the problem of selecting the optimum means of measuring
scavenging rates. Assume constant charge (dq = 0). This problem
then reduces to a determination of the relative sensitivity of droplet
position change (dz) for a constant electric field (dE=0) and the electric
field change (dE) required to maintain the droplet at a constant position
in the chamber. To increase the sensitivity of the detection technique,
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it appears to be desirable to maximize the coefficient of the scavenging
term (dMs) while at the same time minimizing the coefficient of the
detection term (dE or dZ). Thus, the sensitivity of the field change
technique is maximized (Fig. 11) for drops near activation (X - rc/r >, 1),
for which scavenging amplifications by a factor of three to five are
passible. The larger amplifications which appear for conditions quite
close to activation (X - 1) would be quite difficult to attain in practice
because finite increases in soluble mass (Q Ms) would actuallly cause
activation and destablization.

On the other hand, the sensitivity of the position change technique
is maximized for drops near saturation (X - Y T ) and drop position near
H/2 . However, these two extremes are incompatible for a water/water plate
configuration. For drops near saturation and drop positions near the
bottom plate, scavenging amplifications by a factor of about 2.5 are
possible. For drops near activation and drop positions near H/2,
amplifications by factors of about three to five are again reasonable.
For drops roughly midway between saturation and activation, and drop
positions roughly midway between the bottom plate and the chamber midpoint
(i.e. near H/4), amplifications by a factor of three seem reasonable.

Assume that a factor of three amplification is attainable. It is
then possible to determine the limiting resolution of the detection
technique for scavenging. It appears that in either the case of
dz - 0 or d' - 0, the detection limit will be based on the limiting
resolution for position detection. We assume a limiting resolution for
the unaided human eye of 0.1 mm (0.01 cm) at a distance of about 20 cm,
an optical telescope with a magnification of 1OX (without degraded resolution),
and a droplet suspended about 1.0 cm above the bottom plate. We then find
position resolution of about 0.1% and a scavenging resolution of about

one-third that value, or about 0.03%.Assume a dry particle radiva of about
0.1 dun, or a dry mass of about 10- 14gm. It then appears that this detection
system may be capable of a limiting scavenging resolution as low as about
3 x 10-18 gm for these particles (about 3 x 15-15 gm for a 1.0 µm radius
dry particle).

As a second application to this sensitivity study, consider the
spread produced in the thin droplet layer by polydispersity in charge
or soluble mass. Thus, a 10% polydispersity in charge will produce only
about a 2-3% spread in droplet layer thickness for nearly activated drops
about one-third of the chamber height above the bottom plate - but about
a 17% spread for drops near saturation just above the bottom plate. On
the other hand, a 10% polydispersity in soluble mass will produce nearly
a 25% position spread for drops near saturation just above the bottom plate
and about a 10% position spread for nearly activated drops one-third of
the plate spacing above the bottom plate.

E. Development Plan

It can be seen that the proposed levitation technique is
potentially a very versatile research tool for studying problems in
cloud microphysics and techniques for low-gravity remote drop positioning
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as well as for evaluating particular microphysical experiments for inclusion
on ACPL. We therefore propose to build a prototype levitation chamber and
test it at several selected drop sizes (Table 2). Using the experience gained
with this prototype chamber, we expect to develop a precision levitation
chamber for careful measurements of scavenging rates and other selected cloud
microphysical problems,

j
Auxilliary equipment required for this work will include various

aerosol generation techniques. For example, very large drops which can
be levitated only by very large drop charking in very high electric fields
must probably be generated directly (,near their final size). This restriction
arises because small atomized droplets of highly concentrated solution, which
can easily grow into very large drops in high relative humidities, cannot
stably hold the large quantities of charge required to levitate the very
large drops. Standard large-drop generating techniques are available;
however, as an alternative, it may be possible to charge up drops which are
beginning to grow in the chamber. For the smaller sized droplets, standard
atomization techniques are expected to be adequate. Droplet position detection
is expected to be accomplished using standard optical telescopes. This
system is expected to be adequate for droplets larger than a few microns in
radius. For smaller droplets, such arrangements as a travelling light source
(laser) and a yoked detector, or other comparable configurations as well, are
possible. The primary development effort is expected to be directed forward
thQ design of the levitation chamber itself and the selection of the appropriate
droplet generation techniques.

III ;'fanned Effort

During the final three months of the current contract year work is expected
to be performed in six principal areas:

1. The NASA review on 12-13 September. ,

2. Continuing technical assistance with the design and development of
ACPL. This effort is expected-to be concentrated during 9-17 October, the
first phase of the MSFC Critical Design Review (CDR) at Hunstville on the
General Electric Contract for ACPL.

3. Final development of the ;,ravimetric test as a means of evaluating
the saturator perfo =ance. Concurrently with this work will be a comparison
of the gravimetric and the vapor pressure techniques for testing the saturator
and evaluation of a plasma (glow-discharge) technique for cleaning the
saturator wicking surfaces.

1
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4. Final documentation of the following research:

a. Sensitivity of warm cloud development to cloud updraft
and aerosol nucleus spectrum.

b. Sensitivity of warm cloud formation to composition, aerosol
spectrum, and initial temperature and pressure of the carrier gas.

c. Gravimetric verification of the saturator performance.

5. Numerical solution of the CCN activation polynomial and
preparation of a professional paper on the results.

6. (if time permits) Design and construction of prototype static
diffusion chamber with applied electric field for droplet levitation studies.

The presence of the ACPL CDR in the new quarter creates some
uncertainty in the projected work list. CDR is scheduled to begin on
October 9 and end on November 9. It is not yet certain how much effort will
be required during CDR under this contract, outside of the known 9-17 October
period. In comparison to the other tasks, this review holds a very high
priority. If it is necessary to postpone or delete some of the above tasks
in order to support CDR as required, Task #6 will be downgraded first,
followed by Task #5.
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ŷ
 W
.N

co

a^

.N
a.

y

J_

0 5
U. Z

CQ
W id
CL J

D ^-
Q L



N

y

W

w i g	 ^	 Q
^m

CC
^ ^^	 ^'^-^

co 	 Com	 =m I	 W	 ^L

	W 	 co GA
..I	 O	 y	 ccy	 aC^	 O

y
	 ao^

J N

	

' Ca	 mod«-_'	 o
u z	 UJ	 r	 -^

Z	
Wz^ W	 O

vs	 a
^	 ^	 oc	 (	 o

m	 z	 o	 a
La	

O	 H

z	 4	 Z	 =	 O	 D
c^	 rz	 Q	 W

x	 W I Q

0.
	 a	

y	 Wv.	 >	 Ouj

Q	 Q a	 W Q	 z	 ~	 I a J	 Q
ZQ
	

W C.
	 y

cc = 	 a	 O	 aJ. o.N

O	 p	 IW-	 0 4	 V	 Q
GyC	 =	 X	 v	 Q	 C	 a
a	 u(	 ui

LU	 CC. Jz
Q	 3	 2	 ; d	 1=

^	 ^	 Q

W

\	 O
u^
W

^Q	 U
UJ
H X	

Lu W	 O
3:y	 ESN	 W=

0 0
Q in

O
H
H
W
J
W
1
co

ti
W.

W
J
CL

z
CL
0z
d
cr
W
v



D

`Z
r

Z
O

W
J
C-
u
Z

ft
Cl.

Z
H
Q
W
Z

O

H
W
J
C
O
x
d
Z
0
P

D

0

G
W
U

U.
Q:

w

W

O
co
4.
Z

O

Q

Q

u
CL

W
x
Oa

ui

Q

Cd

d
W

m

x
W
Y.

LU

U ^
O w

Rti rJ`j

F_ V

^ 
Q
QJ J

j:
J O

UAF.w
^zx
o ul

o LLU.
aGW

^2U
QOp
in P

CL04

y20
G ^ W
^ VL J

U
UJ

GC:Z
J W LL
^I=-O
W >W N
0LG .zDaaU

LilaU a
p^ LU e

V1 ^^_
>fia~

Q LL

V J Q ^
W $ N U

W O

O ^ aALL 0^LOWOa
4 y N

WIn C

LL a W J

O Q

a

O
O

a
J
C)

x
w

CV

Q:

w

C ^

Oa

d
0̂

r uj
Z

Ww>
d
W
cn
w

O
LL1	 r	 V	 V	 i	 i

1

^-- (.LN33U3d) NOiivi n.Lvsu3dns

N



N

V

Q- LL.
C) O

D
z

ZO
WU Q

Q z

OO Z
tip^S

N ^ C7
N ¢ m u-
U

v^ m
m¢ Z

v C7Cr z_

'U Z' OW

Q D_ V)

O
U

W

a
z
W

O

F—

W

H
LiO

O
Qv
D_
a.
d

z

J.-. N
Ca w

CX
Z U

0

= U

vU1

_0 =

U C_
z Lr
C' O

tzi

Q zS L:.IU

C. V)
W

D

ell M

"ti

r.,

r^

U
Wl
O

z
tJ'? In
k-- W
Z U

ce. wUO0 -- p
T Lp

U O
Ul

U Q
Q^ ^ o

O

W O ^
Q = O

C Q
Q

cOn > NW ^ 0
1— ^N3

^=
Q ¢ C^ !-

W

W
o

L"i
N

O

^G L1_ C I- Cr Ln
LL. O S ,cZ . J Z O

0
`— ^ p V

Q z.,.. ^ ¢
Ln

^ F̂- W
U

LU J W ^ J

ti c d ° r-s

m

J
W_
LI..

i
L^

•

V

t^

O
Q
•

W
V)

J
•

i



V)

U

z4
Q
Zu
0
Wt/ 1
in

Q

Z
Q
G
0
m
U-
0

0
V)

U

r
C'O

O
r

7 ^

Li

r	 /

2

z

G	 ` ^

uj
V	 t 1	 /

it

W

ol

r	 0

1 N

//

w
W
Z

V

a

J 0
i7r

' 	 N	 M
O	 ^	 O

(wa) IN3MOVIdSla



10

1.0

0.1

OPERATING PARAMETERS FOR SDL/E-FIELD LEVITATION TECHNIQUE:

SOLUTION DROPLET CR IT  CAL RAD I US (rc), DROPLET RAD I US AT SATURAT ION (r100),
DRY PARTICLE RADIUS (rd), CRITICAL SUPERSATURATION (Sc), AND SDL
PLATE TEMPERATURE D I FFERENCE, AT (CHO SEN SO THAT SMAX x S,,-,).

rloo (tam)

10o 100

10' 1 1G

^ o

10.2 1.0

10" 3 0,1
0.1

rc Wm)

1.0	 10	 100

ti.

M



r

r
H
23
a
F-
Z
W

W
J
LN

O Wr	 ('

2
ca
CL

t'r1	 0

° n

Or

r
O

w
C7»

Uw
i-

0

Q
W

w

W-
0
w

Z

z

w
CL
0

uj

NZ^	 O
V	

r	 r

r	 ^	 \

J	 \

4	 Q\

c	 m1

O
r

O	 MO	 O	 O	 O	 pr	 ^	 r	 'r	 O	 ,..

( W^) snIOVU dOaQ



LU

d
v
W
t-

z
O

Qt
W
J

LL.
O

H

w
H

COJ
W

N-
O

O
cD

-r

H
V
W
U.
U.
LU

c.0

H
LU

a
L)
Z
Q}

m

a L)
= W
N1 J

Z C9
O	 LU

Z

V
uj

ui

^ n

m U

J
0

LU r

a

O ^,, cv O
Lij

O

Nw O o u

a x Z
J ^ ^ V
D .-► N J
ul

N
t1^

X I J

Q M

I
Z	 I F= N^= ^

^^ O	 Y ` (r `""_. H
LU
C

it
d ~ y S

pa

uj }

u

LU
LU

N
2

J

^G N O

M

Y



O
w

HZ
V
}
F-

H
y
Z
w

a
_
Ln

.1r

mi

CAJ

F-

Z
w
_
w
U-
iL

_

W

co

NJ=:

O N I

Q̂ Î
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SECOND QUARTERLY REPORT,

CON'MA,CT: `'AS8-33131, Warm and Cold Cloud Processes
FOR: The National Aeronautics and Space Administration (NASA)

WITH: The Universities Space Research Association (USRA)

QUARTER: 1 March - 31 'May, 1979

BY: David A. Bowdle, US3A Visting Scientist, Marshall Space Flight Center

TO: M. H. Davis, Program Director, USRA Boulder

I. Past Effort

During the past three months, work has been accomplished under this
contract in six principal areas:

1. Continuing familiarization with and technical support of the
Atmospheric Cloud Physics Laboratory which is planned for use on the Space
Shuttle.

2. Continuing development of procedures and e quipment to test a
prototype precision saturator of the type to be used on ACPL. A thorough
error analysis of the gravimetric test which has been under development has
shown that the achievable limit of resolution of the test itself is probaly
nearer to 0.5% than to the desired 0.05% resolution. An additional procedure,
mich uses direct measurement of water vapor pressure was also'explored.

3. Continuing evaluation of the results of expansion chamber simulations
using the General Electric ACPL Numerical Simulator.

4. Continuing theoretical evaluation of the activation of mixed (soluble/
insoluble) cloud condensation nuclei. A more detailed account of these studies
is Qiven in the fol?owin; section.

S. Preliminary n- arical evaluation of a new technique for experimentally
-7erifying the theoretical results in #4 above.

6. Attendance at t:^e University of Tennessee Space Institute (t=) one
week short course on A tcospheric Optics.

Results of Xi • ec	 tosol Studies

When the Kohler expression (Fletcher, 1969) for the equilibrium super-
saturation over a solution droplet of a given size is analyzed carefully, the
^ollowin; expression results:

X6 -.A.K4 - BX_-.0 =0

,



where X - r/rd , the ratio of the solution droplet radius to the dry radius;
the coefficients A, B. and C are, to first order, constants; and the solutions
to the polynomial equation describe the conditions at activation. For aerosol
particles which either are la,-ge or contain large amounts of soluble mass,
the first two terms dominate, and the solution is identical in form to Fletche.r's
traditional solution. However, for s--Altar aerosol or aerosol covered by only
a small amount of soluble material, variations in solution properties (densti,ty,
surface tension, etc.) begin to become i=portan t, the coefficients can no
longer be considered as constants, all coefficients have about the same 	 ^."..•::
magnitude, and the form of the solut oa begins to change. The values of the
critical radius found in this case differ from Fletcher's values by as much
as 15%, and the values of the critical supersaturation in tutu, vary by as
much as a factor of two to three. It rums out that the fora of the solution
begins to change for dry aerosol (CO) which can be treated as a monol.ayer of
soluble material (e.g. salt) on the surf ace of an insoluble, wettable core.
These results are expected to have important consequences for studies of the
effects of aerosols on cloud microphys;cal properties - for example in studies
of inadvertent weather modification due to urban, industrial, and agricultural
air pollution. These results are also expected to provide a more sound
theoretical basis for the studies of -wed aerosols which are planned for later
ACPL missions.

For dry aerosol covered by less tan a monolayer of soluble material,, the
i=portance of the second term rapidl ^ Mi•-"4 ni,shes and the polynomial equation
takes the form:

X6 - BX3 + C a a

which should be easily solvable. Eowaver, in this region, the variation of
solution properties with concentration begins to become e3tremely important,
and the coefficients B and C themselves -.ay actually be strong functions of X.
In addition, surface effects due to the insoluble core also begin to become
important. This region has not yet been analyzed, but is expected to be
investigated during the next quarter. a;nese theoretical results differ
considerablw from these found in Flerc'_er (1969), hason (1971), Junge and
::cLaren (1971), and Fitzgerald (1973). Hence it is of considerable importance
that the theory be experimentally verified. ACPL is ideally equipped to
perform studies of this kind but hard ex p erimental data from ACr"'.L are still
several years away. Investigations are therefore underway to develop techniques
which will allow a "quick and dirty" a~.arimental look at this problem in a
terrestrial laboratory.

111. Planned Effort

During the coring three months, ^ .:w c:1,rected toward technical sup?ort 	 ]
of ACPL, is expected to continue as ra^ ::ed. Experimental verification of the
saturator performance is expected to be completed (although it appears
-unli;cely that the desired 0.05% verification level will be reached) and
docu=ented. Results of the Expansion Chamber studies will also be documentd.
Physical chemistry data from such sources as tt;e International Critical Tables

4
will be used to compile coefficients for the polyaou:iai equation which results
from a theoretical analysis or CCN activation. This equation will be solved
numerically and the results compared to those found usin3 various standard
approximations from the literature. iais work is expected to fora a professional
paper. The experimental work on verify:. g the new CC` theory is also expected

to begin.
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RESEARCH STUDY: WARM/COLD CLOUD PROCESSES

Contract NASS-33131

PROGRESS REPORT FOR THE PERIOD 1/l/79 - 3/31 79

Mr. David A. Bowdle continued during the reporting period
as USRA Visiting Scientist working with Dr. B. Jeffrey Anderson
at Marshall Space Flight Center.

Mr. Bowdle prepared a Progress Report covering his
first three months at MSFC which is attached.

Progress is satisfactory, and no problems have appeared
that are expected to interfere with contract performance.

Rtes;7_pect 

I 

ully s',mitted,

M. H. Davis
USRA/Boulder Program Director



FIRST QtAR7ERLY REPORT

CONTRACT: NAS8-33131, Warm and Cold Cloud Processes

FOR:	 The National Aeronautics and Space Administration CoASA)

WITH:	 The Universities Space Research Association (USRA)

? v-RIOD COVERED: November 27, 1978 - February 23, 1979

3s':	 David A. Bowdle, USRA Visiting Scientist, *Xarshall Space ?:.:.¢ht Canter

TO:	 M. H. Davis, Program Director, USRA Boulder

:. Past Effort

During the past three months, preliminary :.cr:. has been acco-= lis-*i under
this contract in five principal areas:

1. General familiarization with the Concept and instrume;.tat'on oA
:he Atmospheric Cloud Physics Laboratory (ACPL) and with the indi •.i^ : ^ s>.per:^a^ts
planned for early ACPL missions on the Space Sh,::::le.

2. General support of the ACPL program through technical ac"',,
particularly concerning warm cloud processes and the nature and i:pw_ta..ce o!
atmospheric aerosol particles in various meteors*-,gical processes.

3. Development of equipment and procedures to test a protct-^ e saturator
(a precision humidifier manufactured by Desert ..esearch 'Institute, ::a.. , :,avada,- a..d
to verify its performance to 0.05/. These test p rocedures can then ba -;sed or. t-e
..CPL. The supporting test equipment is about 5C percent complete at t 'a ti--e.

4. Evaluation of the effects of variations in the sper„t-.- - :- :laud
condensation nuclei (CCN) on the potential, accuracy of photographic iatarminat;o^,s
o cloud droplet number density in the Expansion. ^hamber =;E-Chamber; %*::=ch il! be
used on ( the A(M.

5. Theoretical re-evaluation of the Ko lhler equation Mascri:=-. the behav,or
o£ CCN near their critical, (or activation) radius, and extension c° is treat=enz to
nuclei composId of both soluble and insolubl y! co-ponents. The rests a _f th,s s-uc;:,
ca-biped with the results from study #4 above., .+ill have a direct _- •p=c_ as t'e
a,aluation of results fro,1 droplet growth and cic •.:- -forming exDeri=a:::a ear'_;-
A'?', missions,



2.

II• P? anr.ed"r'ort

nuring the coming three months, work directed toward general familiarization
with and technical s ,-n:)ort of AC?': is expected to continue as reluired. Experimental
verification of the saturator ierforrance will also continue throughout this period.
The E-Chamber cloud o-minf^ studies are nearly complete and will be documented earl;
in this period, Numarical technicues will be used to solve the basic equations which d::sar:h,
CCTV activation, and a orofessie::al caper on t he theoretical results of this CCN stud; wii ?, ae
in preparation. Pre". — inar•.• investigation is expected to begin on experimental techniques
for verifying these theoretical results.

III. Results

Cloud-forming axnerinents of the type to be performed in the ACPL,E-Chamber
have been carried out using the Adiabatic Expansion Numerical. Simulator developed
by General Electric. In this simulator, a parcel of air with a specifies]
temperature, deNpoi:.t temperature, and pressure (290 0K, 2909K, 1000 mb in this study)
is subjected to a forced adiabatic cooling. The CCN spectrum and the driving f,,^
for the cooling used as input to the model can also be specified.

For example, simulation runs were performed at four different updraft
speeds for each o£ three different CCN spectra, as shown in Tables 1 and 2 below.

Table 1: Updraft as a Function of Simulated Cloud Type

Updraft Speed (v-i sec-1 ) 1.0 10 100 1000

Simulated Civic . ,.-"e : Foos

1

Stratus Cumulus Cumulonimbus

'able '_: CCN Spectrum as a Function of Simulated Aerosol TvT)e*"

CC:. Spectrum	 V - 234 S 
0.7	

N - 3523 S 
2.0 

N - 2230 S0.9

Simulated Aerosol T ype	 maritime	 transitional	 aged continent:.

*N _: the number concentration (cm ') of CCN activated at a

suoersaturation of S 0%

The first set of simulations %as run with six particle classes to locate annroximatel°ti
the separation ber-• en t'., ose CCN which Caere activated and grew to detectable size and
those CCN whit-1 remained unacti ,, ,ated ' haw` droplets throughout the simulation.
Additional runs were performed ^-,ith a larger number of particle classes near the
critical separation point. The final set of runs was performed with the CCN spectrum
subdivided in such a -annex that the tth particle class near the critical separation
contained 31: of all the CCN with smaller supersaturat ions, or:

-1
Q	 (I) - (0.03)	 N



Figures 1 and 2 show the results of sur.: a simulation for maritime and
continental, cumulus c touds. It can be seen that the drop size spectrum for the
maritime cu.-julus narrows much more rapidl-. than for the continental cumulus. Thus,
the last activated class reaches 1 pm radius at about 25 sec and 2 Om at 30 sec
in the maritime case; by contrast, the last activated class in the continental case
reaches 1 µca radius near 70 sec and has not reached 2 pm by the end of the simulation.
Hence, a droplet detection system with a minimum, detectable size of, say, 2 pm
radius, as is presently called for in the ACPL S-Chamber, could achieve 3% counting
accuracy in 30 sec for the maritime case; but it could not possibly achieve 3% accuracy
in less than 100 sec in the continental case.

In general, the problem of an initially broad droplet spectrum is present when
the ambient supersaturation is reduced a^a :coplet growth rates are correspondingly
retarded. Low ambient supersaturat ions may be produced either by weak 6pdrafts (or,
small, expansion rates), by high CCN cL..centrations, or by moderate updrafts 1
together with moderate CCN' concentrations. Factors such as these, therefore,must be
carefully considered in the planning and evaluation of the various cloud-forming
experiments to be perfomc d on the ACgL.

Figure Cantions

Figure 1	 Time history of droplet radii for a simulated maritime cumulus rinud
(updraft - 100 cm/sec; CCN spectrum is described by N - 234 S 0•7),
The dashed line shows decimal, supersaturation and the solid lines
show droplet radii. The number of CCN in each category is shown in
Table 3..

Figure 2	 Same as Fig. 1 except for continental cumulus cloud (CCN spectrum is
N' - 2280 S	 The number of CCN in each category is shown in

Table 4.
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INITIAL	 PRESSURE w'. 1JOCCC C4
IN( T I AL	 TEMPERATURE C.29000C 03
INITIAL VCLUME 1).1;FOOD Cl
SATURATOR	 PRESSURE 0.10J00n 04
SATURATOR TEMPERATURE 0.2SC000 03
START	 TIME J.0
END TIME J. 1JOCCC C3
INTEGRATION TIME	 INCREMENT 0.500000-02
PRINT TIME	 INCREMENT J.1J0c00 01
THEkMAL CCNCUCTIVITY COEFF.	 1).11)0000 01
CONDENSATION COEFFICIENT 0 .300000-01
SURFACE	 TENSION J . 750 4'00 C;2
NU,M9ER OF PARTICLE CLASSES 40

9 PART. CR I T. SUPERSATUR 4T ICN
0.710000 OL 0.900000-04
0.159000 02 0.2 SOOOD- 03
0.356000 02 0.890000-C3
0.319000 02 0.211000-02
0.478000 02 0.375000-v2
0.293000 01 0.50701)0-02
0. 299000 O 1 0.5 22000- C2
0.305000 01 0.537000-02
0.311000 01 0.5530JO-02
0.318000 01 09569000-02
0.32400D 01 0.58x000-G2
0.331000 01 0.603000-02
0.338000 01 0.620000-1)2
0.344000 01 0..6 39000- 02
0.351000 01 0.6 570JO-1)2
0.359000 01 0.676000-02
0.366000 0 0.696000-C2
0.37300n O1 0.717000-02
0.381000 01 0.13700^-J2
0.389000 O 1 0.75900.0-02
0.397000 01 0.781000-0L
0.405000 01 C.8C40J0-02
0.413000 01 0.8 270OD- 02
0.421000 01 0.85200j-02
0.43000D 01 0.876030-02
0.439000 01 0.902005-)2

i	 0.4{4800Q 01 0.928000-02
0.457004 01 0.955000-02
0.466000 01 0.9 830JO- 0Z
0.	 75000 01 0.101200-01
0.485000 01 0.104230-01
0.495000 01 0.1C7200-1)1
0.505000 01 0.118300-C1
0.515000 01 C.113600-Ji
0.526000 01 0.11690D-01
0.537000 01 0.12U3J0-1)1
0. 54 7000 01 0.1 Z3800- 01
0.559000 01 0.1274)0-.1)1
0.5700001 01 0.13110)-1)1
0.582000 01 0.135000-C1

•

•

•

•

•

•

•

•

•

•

•

•

•

M8
DEG K
cc
MB
DEG K
SEC
SEC
SEC
SEC

CYMES/C',4

01
1)1
'J 1
1)1

0.1431)-ju-1)1
0.147105-1)1
0.151400-01
0.1559),-1)1

'L. - 7(^1) -r..'

0.005000,
0.518000
0.630000

-	 0.64300^

INPUT PARAMETERS FOR ACIASATIC EXPANSICN CHAMBER EXPERIMENT

0.593000 01	 0.1 sByJD-J'_



INPUT PARAMETERS FOR ADIABATIC EXPANSION CHAM9ER. EXPERIMENT

r•

INITIAL	 PRESSURE O.IUJCOQ 04
INITI AL	 TEMPERATURE 0.290000 C3
INITIAL VOLUME 0.100000 C1
SATURATOR PRESSURE 0.10000C C4
S ATU R ATCP, TEMPERATURE 0.290000 C3
START	 TIME 0.0

END	 TIME 0.100000 03
INTEGRATION TIME	 INCREMENT 0.5000OC-02
PRINT	 TIME INCREMENT 0.100000 C1
THERMAL CONDUCTIVITY COEFF.	 0.10000C 01
CONDENSATION COEFFICIENT 013JOCo0-oi
SJRFACE	 TENSION 0.750000 02
`LUMBER OF PARTICLE CLASSES 46

„	 #	 PART. CRIT. SUPERSATURATION
0.352000 02 0.900000-04
0.992000 02 0.4'18000D-03

..	 O. 278000 03 C.890000-03
x.114000 02 0.160000-02
0.117000 02 .16500C-02

„	 0.120000 J2 0.170000-02
0.123000 02 0.175000-02
0.12500c) 02 0.180000-02
0.12900D 02 0.1S5000-02
0. 133 J0C 02 0.191000-02 
0.136000 02 0.196000-02
0.140000 02 0.20ZOOD-02
0.144000 02 0.2 C80J0- OZ
0.147000 02 0.214000-02
0.151000 02 0.220000-02
0.155000 02 0-227000-02
O..L59000 02 0.233000-02
0.163000 02 0.240000-02
0.168000 02 0.2 4 7'000- u2
0.172000 02 0.254000-02
0.17700D 02 0.262000-02
0.181000 02 0.269000-02
36186000 02 0.277000-02
0.191000 02 0.285000-C2
0.19600D 02 0.294000-02
0.20 1000 02 0.302000-02

„	 0.206000 02 0.3110JO-02
0.212000 02 C.320000-02
3.217000 02 0.'529030-02
0.223000 02 0.339000-0Z 
0.229000 02 J.3 "+9000-02
0.235000 02 0.3590J)-02
0. 241000 02 0.3 70030-02J2
0.247000 02 0.350000-C?
0.254000 J2 0.391000-02
). 26 L000 02 0.403000-02
0.26 7000 02 0.41500C,-02 
0. 274000 02 0.4 270-) ; )- 02
0.282000 02 0.4390UC-C2
0,23900C 32 0 .4 520)u- 02
J.297000 J2 0.4L,5000-02
0.304000 02 0.4790,)0-02
0.31 2000 C2 0.493003-02
0.829)00 03 0.6670JZ-02
0.139200 )4 0.1ld6JO-JL
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FIRST ANNUAL REPORT

CONTRACT: NAS8-33131, Warm and Cold Cloud Processes

FOR: The National Aeronautics and Space Administration (NASA)

WITH: The Universities Space Research Association (USRA)

PERIOD COVERED: November 27, 1978 - November 15, 1979

BY: David A. Bowdle, USRA Visting Scientist, Marshall Space Flight Center

TO: M. H. Davis, Program Director, USRA Boulder

I. Past Effort

During the 1979 contract year, technical support in the area of aerosol

properties, warm cloud physics, and cold cloud processes was provided by

USRA to NASA under Contract NAS8-33131. This effort supported three

principal objectives of the Atmospheric Sciences Division at Marshall Space

Flight Center:

1. To develop in-house technical and laboratory exfpertise in warm

and cold cloud processes and in cloud microphysics research methods.

2. To provide technical assistance as needed to the design and development

of the Atmospheric Cloud Physics Laboratory (ACPL).

3. To develop new research techniques for studying problems in cloud

microphysics in low gravity as well as in earth based laboratories.

Significant accomplishments during the past contract year are listed in

Table 1 and briefly described below.



2.

IL Results

1. The sensitivity of warm cloud development to the cloud condensation

nucleus (CCN) spectrum and the cloud updraft velocity was determined using

the General Electric numerical simulator. Updraft velocities of 1, 10, 100,

and 1000 cm/sec (simulating fog, stratus, cumulus, and cumulonimbus clouds

respectively), and CCN spectra simulating maritime, transitional, and

continental aerosols, were used as inputs to a numerical model of an

adiabatically expanding air parcel. The results of these simulations showed

that weak updrafts or high CCN concentrations tend to develop significantly

broadened droplet spectra. Under these conditions the most recently

activated droplets grow in a reduced supersaturation environment; these

droplets, therefore, require significant growth time to achieve a given

minimum detectable size (2µm radius on ACPL. These results will assist

timeline planning for cloud forming experiments on ACPL.

2. The sensitivity of cloud formation time to initial conditions of

temperature, pressure, gas composition, and aeresol concentration was

determined using a simple analytical approach. This study showed that

the time of cloud formation during an arbitary expansion is independent of

aerosol concentration for very small aerosols. Uncertainties in particle size,

and hence to activation supersaturation, give rise to significant uncertainties

in the time of cloud formation, as do uncertainties in the initial temperature

and pressure. In addition, if moderately high concentrations of larger aerosol

are present, the latent heat ;associated with their deliquescence and subsequent

growth in sub-saturated conditions can also cause a shift in the time of cloud

formation. These effects would be important to ACPL cloud forming experiments

in adiabatic conditions, for which the temperature of the expansion chamber

walls is matched to the temperature of the expanding moist air.



3.

Mismatches in wall and gas temperature due to uncertainties- in the time of.

cloud formation and the associated release of latent heat could then degrade

the experiment.

3. The Kohler equation, which relates the equilibrium solution drop

size to the dry aerosol size and the ambient supersaturation, was re-evaluated

for the case of mixed (soluble/insoluble) nuclei. The conditions at activation

were found to be expressed as a simple sixth-order polynomial, which reduce.'"

to the standard Fletcher/Mason solution except when the soluble shell of the

aerosol approaches a monolayer in thickness. These results are expected to

simplify parameterization of cloud micxophysical effects of mixed aerosols.

4. A gravimetric test with a cryogenic water trap has been under

development to verify the performance of a precision prototype saturator

to 0.5%. The plumbing system for this test is essentially complete.

Pressure and temperature sensors have been acquired and tested. A moisture

monitor sensitive to a few ppm of water vapor has been acquired on loan and

is being tested for suitability. Extremely dry missile grade air available

at MSFC has been determined to be acceptable for early testing; suitable

air bottles have been located. High quality commerical gas has been ordered

for final testing. The major development challenge at this point is the

design of the cold trap and its inlet and outlet configurations. Recent tests

with the present cold trap showed occasional ejections of ice pellets or ice

clusters. This type of response prevents calibration at the desired level of

resolution. Efforts are underway to modify the inlet and outlet to eliminate

ice ejection. Preliminary calibration testing is now expected to begin in

late November:

5. A numerical feasibility study has been completed for the Stable



k.

Levitation of Charged Droplets in a One-G Static Diffusion Chamber. The

results of this study suggest that a wade range of cloud microphysical

phenomena can be investigated in such a chamber; it appears to be

particularly well suited to studies of aerosol physics, diffusion chamber

physics, electrical breakdown, and scavenging of trace gases or particles.

A prototype levitation chamber is under construction and is expected to

be operational by mid - January. The most significant technical challenge

at this point is the choice of a suitable wicking medium for the chamber

end plates. A number of materials are suitable for concept testing, but

most of these are probably unacceptable for precision work. A significant

amount of development time is expected to be required for evaluating the

various wicking materials under standard operating conditions in the levitation

chamber.

6. - Also, included in the past contract year was attendance at the

following conferences:

a., One week course in atmospheric optics (May 7-11, 1979) at

the University of Tennessee Space Institute, Tullahoma, Tennessee.

b. NASA Severe Sto);ms and Local Weather Review, (September 12-13,

1979) at Huntsville, Alabama. The feasibility study for the levitation

technique was presented at this review.

III. Planned Effort

During the 1979 - 1980 contract year, work is expected to be

accomplished under this contract in the following major areas.

1. Continuing technical assistance as required, with the design

and development of ACPL. The Critical Design Review for ACPL is almost

over, and NASA will shortly thereafter evaluate the results of the review.

Preliminary indications are that Marshall Space Flight Center will become

much more closely involved in the ACPL development effort than it has in

4



the past. If this involvement does occur a large portion of the total

work under this contract is expected to be devoted directly to ACPL.

2. Final development and documentation of the saturator calibration

procedure, the warm cloud sensitivity studies, and the cloud nucleus

activation relationships.

3. Design, development, and laboratory testing of the stable

drop-levitation concbpt, hardware, and procedures. As the levitation

system is shown to be feasible, a precision diffusion chamber will be

developed. If the prototype chamber performs as well as is expected, it

may be possible to upgrade the prototype chamber for precision work

rather than to build a completely new system. For example, upgrading

may require only such auxiliary changes as new wicking material, increased

optical magnification or focal length, or rebuilding the chamber sidewalls.

4. Literature review on scavenging of trace gases and particles

by water drops in preparation for laboratory scavenging studies.

S. Evaluation of the levitation technique for the study of various

other problems in cloud microphysics, low gravity techniques, and perhaps

to materials processing.

6. Preliminary investigation of three potential areas of warm and

cold cloud research:

a. Measurement of aerosol flux as a function of particle size

between about 0.1 and 10 em diameter near land surfaces, on the turbulent,

cumulo-meso, diurnal, and synoptic time scales. This work could probably

be done in conjunction with the Bureau of Reclamation's HIPLEX program in

Montana in 1981.

I!
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6.

b. Effects of small-scale turbulence on the development of

cloud droplet size distributions. This work would involve laboratory

experimentation in conjunction with the GE numerical, simulator.

c. Lightning initiation in warm and mixed phase clouds.

This work would utilize the levitation chamber for Laboratory studies.



TABLE I

TITLE:  warm and cold Cloud Processes, NAS8-33131

RESEARCH INVESTIGATOR:	 Dave Bo,Idle, CSP.A
ESUIMSFC, AL 35812
205-453-5218

STCNIFICANT ACCOMPLISHMENTS FY-79:

1. Determined sensitivity of warm cloud development to
cloud condensation nucleus (CCN) $pa^ rum using General
Electric numerical simulator

2. Developed equipment for gravimetric evaluation of
precision saturator

3. Deterrined numerical sensitivity of warr, cloud initiation
to car•r.'.er gas composition

Refined theory of activation of mixed composition CCN
aerosols

^ 5. Completed numerical, feasibility study for stable drop-
levitation technique

CURRENT FOCUS OF RESEARCH. WORK:

1. Comparison of gravimetric and vapor pressure methods for
saturator performance verification

2. Numerical solution of equations from new CCN theory,
comparison with approximations

PLANS FOR FY-80:

1. Preliminary laboratory evaluation of staDla
in prototype static diffusion liquid (SDL) chamber

2. Build and calibrate precision SDL with electric field

3. Literature review of scavenging b. ;pater drops in
preparation for laboratory scavenging studies in FY--81

RECD"MENDATI©NS FOR NEN RESEARCH:

1. Utilize Levitation techniques for investigation of other
prob?ems in cloud microphysics (Ko^Ler theory,lightning
initiation, drop growth rates, ice p"ysics) and for
evaluation of their suitability for study in low gravity.

k
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RESEARCH STUDY: WARM/COLD CLOUD PROCESSES Contract NAS8-33131

Progress Report for the Period: August 1, 19,18 through December 31, 1978.

Mr. David A. Bowdle, formerly associated with the Department
of Atmospheric Sciences of the University of Washington,
Seattle, Washington, agreed in September f 1978 to a year-long
appointment asUSRA Visiting Scientist at Marshall Space Flight
Center to work with Dr. B. Jeffrey Anderson. Mr. Bowdle
actually began there November 27, 1978.

As of December 31, 1978, $1816.86 had been spent out
of the total Budget of $24741.00, leaving $22924.14.

Progress is satisfactory, and no problems have appeared
that will interfere with contract performance.

Respectfully submi ted,

7m . 7
M. H. Davis
USRA/Boulder
Program Director
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