Intercomparison of Model Simulations of Cloudy Rayleigh-Benard Convection
In a Laboratory Chamber

Steven K. Krueger, University of Utah, and Sisi Chen, NCAR
P. Dziekan, T. MacMillan, D. Richter, S. Schmalfuss, S. Shima, F. Yang, J. C. Anderson, W. H. Cantrell, and R. A. Shaw

Introduction The Intercomparison Protocol

Expectations from Theory

M . h. T h I h . The model configuration for the steady-state intercomparison Steady_state distribution of droplet radius Pi Chamber measurements fro.m 16K experiments (|.e.,.temperature dlffergnce
icNnigan 1ecC Cloud Chamber: a. Boundary conditions: The top wall temperature is 299 K, the bottom temperature between top and bottom walls is 16K) are also shown, in black, labeled Pi.
“The Pi Chamber” is 280 K, the side wall temperature is 285 K. The relative humidity of the top and Let v(r) dr be the number of cloud droplets per unit mass of air with e -
bottom wglls |§ 100 %. The relative humidity of thg S|<.:Ie yvall Is adjusted |r.1 the | droplet radius r in the interval (,,aj r 4 dr). ~m
models with side walls such that the supersaturation inside the chamber is ~3 % in 25| v H A |
Access ports steady-state before aerosols are injected into the chamber. After reaching steady- The processes that determine U(?“) in a cloud chamber are: +§§fR : |
Temperature controlled state, the aerosols (brown dots in the diagram) are injected into the chamber to - § I ‘ € _
cylinder e form droplets (blue dots). e acrosol injection g | _ 7 | |
| b. Aerosol injection: Continuously inject sodium chloride aerosols with a dry _ , _ . 5 AN g 5t :
Temperature controlled s | diameter of 125 nm for a range of rates. e condensation growth due to mean saturation 2 | - s | |
walls c. Duration: Run simulation for 1 to 2 h after injection commences, to achieve a - : - : : ; | f—
e condensation growth due to supersaturation fluctuations ]
steady state. W .
—e—UH
e e droplet fall out 2l =Nt
''''''''''' —e—UU
o o T —o—Pj
Lo If we neglect solute and curvature effects in the droplet growth equa- 20 0 G S
- - - droplet concentration (cm ™) rati -3
tion, the resulting analytic steady state DSD depends on three flow pa- ropiet number oneentration fom *)
rameters: mean supersaturation, the supersaturation variance, and the o - ] NCAR, BNL, UU ~oss
T ; i ) ) Aerosol injection rates | Side wall Top/bottom wall Top/bottom wall Qv Initial Standard deviation Participanting La’gra’ngia’n a’Utocorrela’tion time Scale Of the Sup ersaturation aS Well +-LI—J|\:;VOPOS 109
empe rature ContrOIIEd Model Type Model Name Simulated Chamber Geometry/region dx, dy, dz (cm) | Microphysics scheme ( cm=3 min-! ) -~ temparature . supersaturation | of supersaturation . ] ) ) ) ) 7 | —e— UH 25F
Ceiling UW-LCM The eie ‘;hni’";?:;:mfp' bottom, 3.125 s"’e"d'(:‘l’)':;)methw 6-600 80% 3.30% 7.20% W::‘:’“‘;VM aS 0Il the ael”OSOl ].I].J eCtIOIl I’ate, the Chamb cr kle].g}.lt7 aﬂd the StOkeS +SS€R 1085
- RH=100% Universiw‘ofo'ando ° 0,;-\ +U.U < | Y-
Temperature controlled scae som sow 10| e s | oo waree ) fall speed parameter. For fixed flow parameters, the corresponding c fler g’ -
floor Large-eddy top = 7.6683 g/kg: Leibniz Institute for . . . ? é 075
Pressure vessel simulation (LES)|  TROPOS-LES g y 3.125 SDM 1-1500 82.00% %"v-_bohulngg//ké 2.30% 2.50% Res:::t:'sgh;r:aw PDF does not depend Oon the anectlon rate 510_1 g 15k -
Fic. 1. A cutaway schematic of the cloud chamber with one door open and Sam o si2s | Jwotinschemes | 154500 81% Tepe2ak | QuiobISERE |y g 2aom | ProSbaven National : : § % 0.65
the CYIindricaI thermal panel in place. The entire chamber without side walls - The PDF Shape haS Only a Weak dependence On the relatlve magnl_ g g 1 06
R | tudes of the mean supersaturation and the supersaturation variance, E 2 o5 .
Cold. h id I S ~S Rl el B | | »* | which combined with the difficulty of measuring supersaturation in the g
Direct numerical 2m . . . . ot i .
OIig, numi tOP wa | o st S — Pi Chamber, has made quantifying the role of supersaturation fluctu- 102} _ ou
. C=U " _-4 e || ot s o ] e | At1ODS from measurements challenging. Recent efforts by the MTU e ®% 05 1 s 2 25 5 a5 4
9 a . ' particle method the Qu and T field to address the : ' Res’:::c‘:" J;_‘A . . . . Droplet number concentration (cm ) std dev supersaturation (%)
> ) < il mpac. Pi Chamber group used the impacts of supersaturation fluctuations on
0 One-dimensionar:ver:calcolumnofthe drOplet aCtivatiOn tO infer the I'Ole Of Supersaturation ﬂUCtuatiOHS. 3 General PDF with radius-dependent fall out: mode radius 3 Uw, BNL, UU 0
e, . N . . o From general analytic steady state
'F’ nl‘:dz:’::l;_t:a’) UU-EMPM E d2=0.1667 pm'd::;yt;::mde 2.5-320 100% I:‘:iggz RH=100% 1.70% 3.00% Umversg;l:f vt Vary supersaturation (%) and K (;1.4/8) for mode radius =6 ym 0.25 ' ' ' 05| DSD (top of previous column). o5l IR
- - e 0.14 ——0.14, 0.3] UND-DNS :23 * * <10
2m —0.14, 1 .. . 129 12
= 0.12f 0145 || o2} for 5 injection rates |__ 5, |- < 2 1 g 2 N
= = . . . . o = s | : : 5
= Time series of droplet mean radius, droplet number concentration, oql 00336 || S 1sf ) § 15| 8
. . . / —0.01,41 || - 0.15} & g
A L and liquid water content. Droplets have radii > 1.5 pm. ol e L ‘ D :
:g_ TH CE 0 ’ 2 6
15, (@ uw-Lcm | 5 (b)TROPm 1o (C)SCALE-SDM .« (d)sam cL & Huj 0.06 g 01 . /_\ ] | g, 5
S | SRR | 0.04 | . T~ ¢ ?
Warm, humid bottom wall §sl— S — 51 \ = AR VAN NN P
\_ e i e ——— 0 ! A | 0 1 ! 5 10 15 20 25 30 0 0.5 1 1.5 2 2.5 3 3.5 4
j 0 5 10 15 20 0 5 10 15 20 ~ Std Dev of Supersaturation std dev supersaturation (%)
% 2000 4000 %0 1000 2000 3000 % 2000 4000 radius (1m) droplet radius (um)
Cloudy Rayleigh-Benard Convection (Above) Theoretical PDFs for seven "2 - —
. : S e —— combinations of mean supersaturation and 0181 Pi Chamber — 140 1
DI’Op'GtS grow on InjeCted aerosol partICIeS. T .-'”/______--l-— — e A ————— spectral diffusivity, K, (~ supersaturation 0.16 for 6 injection rates |_; | I I “ I ary
S 102 —m8m ———r——— 102 l 102{ [/X N e 11 ] P —— : : : ~——1037
' g | : [ N e s variance), with the same mode radius. 0.14 :
Droplets fall OUt due to Settllng " 2§ :',.——-- sttt [ / t'\}' r,_--;--’::_--;-;-f_-.---;.--,--_-_-:- 10 5 ) :0 12— / 1341 -
[ f 1] | £
10° 10° =t - 107 ‘ . 10° - net flux S 01} . o _
0 2000 4000 i Q0 LN 00 SRl a0 I o4l fomall |k /\ \/ e The statistics of the numerical models, measurements, and theory agree
4000 i ‘ i ' ' _ wals e qualitatively, but there are considerable differences in the quantitative results.
1.00 1.00 1.001 1.001 > ~ supersatuation = net _ 0.06 |
' T 0T5] [/ rremp 0.75 0.75 0.75 D> 1037 c°"°'rea"tzat'°“ - 0.04 - ] e The droplet radius PDFs agree qualitatively in shape and in dependence of mean
=SS ' S0s0 0.50 0.50- P 0.50 o q 0.02| radius on droplet number concentration.
! c?ozs~ T 0.25 0.25 = 0.25 10.2 7 Qwalls | | - SR -
i ‘ oo N T i a9 (M) 0 : 0 e 20 e This dependence on droplet number concentration is a result of the changing
B000°- ' 0.00, 2000 4000 0000 1000 2000 3000 0.003=T000 2000 3000 2000 °% 2000 4000 10.1 . . . . ) —= radius (xm) balance of fluxes from the walls and droplets, as revealed by the theoretical bulk
0 5
i I .. (e) NCAR DNS .. (f) UND DNS 1. (8) UU-EMPM 10 . 107 (Left) From bulk model. model.
RES I Ng (em ™) e The mean (and fluctuating, not shown) supersaturation both increase as droplet
T i 10- number concentration decreases.
= 5 (] Ve °
= 2000 i Bulk model for cloudy Rayleigh-Bénard convection | | |
o3 ' 5- e The mean radius decreases and the LWC increases as both mean and fluctuating
E | ' b . ]
& | in a laboratory chamber supersaturation increase.
19001 9 o o0 200 e The activated fraction of particles | both d fluctuating SS
: : — . : e The activated fraction of particles increases as both mean and fluctuatin
: 10° 10° 10° In the absence of fluctuations, the mean supersaturation, s, in the Pi ——— P J
. 1000 : : — :
1000 i - - — T Chamber is a tfunction of the mean temperature, 7', and mean water
: £ e e e /S — P "*;::‘”"““ = . . . _ . . i
i Em?f 102) | 102 et F vapor mixing ratio, g. The latter are determined by the net fluxes of int,.
; JE N — . £ :
500 ! - = | ‘//" S | 100 2 sensible and latent heat from the walls and droplets. Scan the QR code
éT iT §-|- 10% 200 a00  eoo %0 2000 4000 6000 100 1000 2000 3000 : T T P U ELike
: : : : 1 s .
3 ] op 1 j Slde , | = . We model the flux of T', for example, as —V (T — T ), and determine further information.
270 275 280 285 290 295 300 1.00- 1.00 1.00- = the velocity scale V' from the flux implied by the Nusselt number.
Temperature (K) ~ 0.751 0.75- 0.751
L. . 120.50- 0.50- o 0.501 1 The net Condeﬂsatlon ra‘te (net Va‘por f.U.XGS tO droplets) 1S proportlona’l ACKNOWLEDGEMENT This material is partl based upon work Supported b
Mixing of saturated air parcels at the top, bottom, and S e to 5, droplet number concentration, N, and mean radius, 7, a function - - N - d - -
sidewall temperatures broduces subersaturation ' | ' SN N, ) ’ ’ ) 8 the National Science Foundation Science and managed by Michigan Technological
| - B — ; J - o : =y " .
P P P ) 0.005 200 a0 600 %0 2000 aooo o000 0-005" 1000 2000 3000 of 5 Oﬂly. Given Nda the model predlcts S, and therefore the DSD. University under Grant 2133229.

Time (s) Time (s) Time (s)



