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The model configuration for the steady-state intercomparison
a. Boundary conditions: The top wall temperature is 299 K, the bottom temperature 

is 280 K, the side wall temperature is 285 K. The relative humidity of the top and 
bottom walls is 100 %. The relative humidity of the side wall is adjusted in the 
models with side walls such that the supersaturation inside the chamber is ~3 % in 
steady-state before aerosols are injected into the chamber. After reaching steady-
state, the aerosols (brown dots in the diagram) are injected into the chamber to 
form droplets (blue dots). 

b. Aerosol injection: Continuously inject sodium chloride aerosols with a dry 
diameter of 125 nm for a range of rates.

c. Duration: Run simulation for 1 to 2 h after injection commences, to achieve a 
steady state.

• The statistics of the numerical models, measurements, and theory agree 
qualitatively, but there are considerable differences in the quantitative results.

• The droplet radius PDFs agree qualitatively in shape and in dependence of mean 
radius on droplet number concentration.

• This dependence on droplet number concentration is a result of the changing 
balance of fluxes from the walls and droplets, as revealed by the theoretical bulk 
model.

• The mean (and fluctuating, not shown) supersaturation both increase as droplet 
number concentration decreases.

• The mean radius decreases and the LWC increases as both mean and fluctuating 
supersaturation increase.

• The activated fraction of particles increases as both mean and fluctuating SS 
increase.
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Time series of droplet mean radius, droplet number concentration, 
and liquid water content. Droplets have radii > 1.5 μ𝑚. 

TECHNICAL DESCRIPTION OF THE 
CHAMBER.  The Π chamber is designed to 
provide an environment matching typical cloud 
conditions in Earth’s troposphere. It can achieve 
pressures ranging from 60 hPa to “surface” values 
of 1,000 hPa and can sustain temperatures of –55° 
to 55°C, thereby allowing for investigation of both 
warm and cold (including mixed phase) cloud pro-
cesses. The chamber can be operated in expansion, 
static diffusion, or turbulent mode, depending on 
the requirements of a particular experiment (further 
explanation and details are given in the section titled 
“Cloud formation in the chamber”).

As shown in Fig. 1, the pressure shell is rectangular. 
The internal volume available for experiments is 5 m3; 
this volume is reduced to 3.14 m3 when the cylindrical 
thermal panel (1 m high, 2-m diameter) is installed. 
The pressure shell is constructed from welded steel 
plates, which are reinforced to withstand the pressure 
differential when the internal pressure is reduced below 
atmospheric pressure. A layer of foam glass, 20 cm in 
thickness, between the outer pressure shell and the 
inner, electro-polished stainless steel lining provides 
insulation from the surrounding environment. Two 
front-opening hinged doors give full access to the 
internal workspace. A fisheye lens photo of the cloud 
chamber laboratory is shown in Fig. 2.

The heat transfer system connecting the reser-
voir in the control section and the thermal panels, 
which are in direct contact with the air inside 
the chamber, is a closed-loop system containing 
Dynalene HF-LO heat transfer fluid (Dynalene, Inc., 
Whitehall, Pennsylvania). The Dynalene is cooled 

to 2° (controllable) below 
the minimum tempera-
ture in the chamber and 
then heated to the desired 
temperature of each zone 
within the chamber, using 
an electric element for each 
one. The heaters are staged 
for ease of regulating the 
thermal input for vary-
ing load and temperature 
conditions.

The thermal panels, 
which regulate the tempera-
ture within the chamber, are 
controlled on three separate 
circuits, corresponding to 
the top, bottom, and side-
wall sections of the cham-
ber internal workspace. The 

heat transfer fluid is introduced to the panels through 
copper tubing that is snaked through the volume of 
the panel. The tubing is drilled such that the fluid 
escapes from it and into the panel’s interior volume 
uniformly, which minimizes temperature gradients 
across them. In some circumstances, such as when 
idealized Rayleigh–Bénard convection is desired, we 
reduce heat transfer from the walls by covering them 
with 3.2-mm-thick polycarbonate sheets. A cylindri-
cal stainless steel thermal panel (of the same design as 
those just described and with dimensions given above) 
provides an alternative to the rectangular geometry. 
For Rayleigh–Bénard convection with wet top and 
bottom boundaries, glass fiber filter paper (type A/E 
glass fiber, Pall Corporation, Dreieich, Germany) cov-
ers the top and bottom panels and can be connected 
to water reservoirs to ensure long lifetime liquid (or 
ice) boundaries.

As shown schematically in Fig. 1, the chamber has 
various pairs of oppositely positioned access ports. 
There are several 25- and 10-cm flanges for electrical, 
mechanical, and optical access. For experiments that 
demand a larger access area, there are also larger rect-
angular ports available: two aligned vertically and two 
horizontally. There are also two rectangular and two 
circular windows placed on the top and bottom surfaces.

The chamber has been programmed with manu-
facturer preset safety limits to protect the system 
from exceeding design limits. The pressure shell 
has a pressure relief valve that limits the operational 
pressure to atmospheric conditions. We use only 
true linear pressure transducers for pressure control. 
The machine unit containing the heat exchanger, the 

FIG. 1. A cutaway schematic of the cloud chamber with one door open and 
the cylindrical thermal panel in place.
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Michigan Tech Cloud Chamber:
“The Pi Chamber”

Mixing of saturated air parcels at the top, bottom, and 
sidewall temperatures produces supersaturation.

Summary of the Models

Expectations from Theory

Cloudy Rayleigh-Bénard Convection 
Droplets grow on injected aerosol particles.

Droplets fall out due to settling.

Steady-state distribution of droplet radius

Let v(r) dr be the number of cloud droplets per unit mass of air with
droplet radius r in the interval (r, r + dr).

The processes that determine v(r) in a cloud chamber are:

• aerosol injection

• condensation growth due to mean saturation

• condensation growth due to supersaturation fluctuations

• droplet fall out

If we neglect solute and curvature e↵ects in the droplet growth equa-
tion, the resulting analytic steady state DSD depends on three flow pa-
rameters: mean supersaturation, the supersaturation variance, and the
Lagrangian autocorrelation time scale of the supersaturation, as well
as on the aerosol injection rate, the chamber height, and the Stokes’
fall speed parameter. For fixed flow parameters, the corresponding
PDF does not depend on the injection rate.

The PDF shape has only a weak dependence on the relative magni-
tudes of the mean supersaturation and the supersaturation variance,
which combined with the di�culty of measuring supersaturation in the
Pi Chamber, has made quantifying the role of supersaturation fluctu-
ations from measurements challenging. Recent e↵orts by the MTU
Pi Chamber group used the impacts of supersaturation fluctuations on
droplet activation to infer the role of supersaturation fluctuations.
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(Left) From bulk model.
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variance), with the same mode radius. 
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Bulk model for cloudy Rayleigh-Bénard convection
in a laboratory chamber

In the absence of fluctuations, the mean supersaturation, s̄, in the Pi
Chamber is a function of the mean temperature, T̄ , and mean water
vapor mixing ratio, q̄. The latter are determined by the net fluxes of
sensible and latent heat from the walls and droplets.

We model the flux of T̄ , for example, as �V (T̄ �Twall), and determine
the velocity scale V from the flux implied by the Nusselt number.

The net condensation rate (net vapor fluxes to droplets) is proportional
to s̄, droplet number concentration, Nd, and mean radius, r̄, a function
of s̄ only. Given Nd, the model predicts s̄, and therefore the DSD.
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Pi Chamber measurements from 16K experiments (i.e., temperature difference 
between top and bottom walls is 16K)  are also shown, in black, labeled Pi.
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