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Abstract. The convection of humid and dry air was studiedegixpentally. The observed fluid
convection involves two mechanisms of heat and rrassfer: thermal convection produced
by temperature gradient and concentration conveatiocurred due to the inhomogeneous
vapor distributions induced by evaporation and emsdtion of water. The convection stability
of humid air was described in terms of two (therrmaal concentration) Rayleigh numbers.
Laboratory experiments were performed using holplgi@interferometry and thermocouple
techniques. Experimental holograms were processegtncally in order to calculate the space
distribution of the refractive index in relation temperature and vapor concentration. The
results show that the difference between moist ection and dry convection can be measured
even in the absence of evaporation and condensdtimnexperimental interferograms for dry
air (intentionally dried up to 4 % relative humigiare given. The justification of this research
requires an additional quantitative comparison with measurements obtained for humid air
(with 100 % relative humidity) undergoing the fimtder phase transition of the “gas-liquid”

type.

1. Introduction

Heat transfer by convection occurs as a resulh®fmacroscopic movement of fluid that remains in
motion until equilibrium is reached. Convectionyda key role in all dynamic processes observed in
nature and takes place in a great variety of teeh@ipplications, among which those associated with
humid air are of our main interest. The flows of iaithe Earth's atmosphere require a physical and
mathematical description in terms of gas dynamidei® The study of convection in the atmosphere
is of great significance for developing new weathed climate forecasting methods. There are
numerous papers (e.g. [1-5]), in which specialndite@ is given to investigating the relationship
between different types of atmospheric circulataord weather changes. The important role in the
convection of humid air is played by the first-argdnase transition in the "water — vapor" systein [6
but only the latent heat of phase transition isaliguaken into account, because the dimensionless
thermal Rayleigh numbers calculated for humid andair are very close. However, along with the
thermodynamic processes of heat absorption (dusmgporation) and heat emission (during
condensation), the intensity of the convection #os¥ humid air is influenced by local changes in
pressure and specific volume of water vapor. Thaperation of water in one area and the
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condensation of water vapor in another area canfigntly change the convective flow, but there is
almost no experimental data highlighting the ddfeze in convection between dry and humid air in
the presence of the first-order phase transitiothef‘gas-liquid" type. The purpose of this stusytd
investigate experimentally the difference betwesgrmal convection in dry air and thermosolutal
convection in humid air subject to the first-orge#rase transition under conditions close to those
observed in the atmosphere within the temperaamgea from 0 C to 60 C. In fact, the present stady i
preliminary, because it involves only one part loé work (concerning dry air); the results of our
experiments with humid air which are currently peried would justify its scientific importance.

2. Dimensionless parameter s
The studied problem focuses on the changes in tettyse and concentration that occur in a mixture
of two gases: dry air and water vapor. The thefRa@aland concentrationd dimensionless Rayleigh
numbers are used to take into account both mecahaniabserved experimentally. The effective
Rayleigh number B is the sum of both mechanisms

gCpp”  diaT

W Tp '

Rar = Rac = “—D -d®Ap,, Rap =Rag +Ra, (1)
whered is the characteristic size of the cavity with miaiis, AT is the temperature differenck, is the
average temperature in the cavikyjs the thermal conductivityC, is the specific heat of the gas
mixture,n is the dynamic viscosity) is the kinematic diffusion coefficient for the gasxture,p is
the average gas densityp. is the change in density caused by the changdeancbncentration
composition of the gas mixture.

The results (1) obtained using the semi-empiricga¢ions from the paper [7] illustrate the
dependence of the paramet&s«k, 7, D, p on the pressure, temperature and compositioneofdry
air - water vapor" mixture. Besides, the averageperaturel,, optimal experimental cell sizkand
temperature differenc#T which could produce convection are calculated.otding to the paper [8],
the process of convection occurs when the effecRagyleigh number Raexceeds the critical
Rayleigh numbeRa* = 1700+50.

For the experiments with dry and humid air, a hdpdic interferometry technique was chosen.
We used this method to visualize the distributiérin@rmal and concentration fields in transparent
media that fill a container (a measuring cell). Agn#ficant advantage of the holographic
interferometry method, apart from its high sengithand accuracy, is that it does not require long
coherence length of the laser beam and is nottsentd the quality of optical components; so thisre
no need in the expensive interferometric planelfgiglasses and mirrors.

3. Experimental setup
The schematic diagram of the experimental setgpasvn inFigure 1. The central part of the setup is
the sealed measuring cell 15x15x320 mm filled whthinvestigated fluid — dry or humid air.
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Figure 1. Scheme of the experimental setup: 1 - measuritdjlim with dry or humid air; 2 -
holographic glass plate; 3 - video camera; 4, &at lexchanger and thermostat of the cooler and
heater, respectively; 6 - HeNe laser; 7 — photaalipedmovable); 8 - Unipan selective nanovoltmeter
type 237; 9 - obturator; 10 - polarizer; 11 — agaio-digital converter LAI24USB measuring

temperature in the cell with four differential theycouples.

All the elementsKigure 1) were mounted on the holographic table with fadlatable structures
applied to minimize the external mechanical vilmasi affecting the setup during the hologram
shooting process. The intensities of the referemmk object beams were equalized to reach a good
contrast. The equalization was achieved by attenaif the reference beam with the help of a
polarizer. No additional analyzer was required hiseahe initial laser beam was precisely polarized
with a polarization ratio of 500:1.

In the present study, convective flows have beso atcorded by the standard thermocouple
method. For this purpose, we used four differemtiahganine-constantan-manganine thermocouples,
which were placed along the vertical walls inside measuring cell at a distance of 15 cm between
each pair of junctions, and at the distance of 4 (which exceeded the boundary layer) towards the
center of the cell. The thermocouples were helglate with the pins made of thermal insulation
material and connected to the external 24-bit aptdedigital converter used to measure the signal
(thermo-EMF) from each differential thermocouple.

To dry the air inside the measuring cell, an aarjlidehumidifying setup was assembled (not
shown inFigurel), which included a closed container filled witHicgi gel, a low-performance
(15 I/min) electric pump and connecting hoses. dirdliary setup prepared the air by circulatingit
the “experimental cell - silica gel container” addscontour for several hours before interferometric
measurements of convective flows. The relative klitsniof the dried air was controlled with a DHT-
22 sensor. The dehumidification process typicadistdd for several hours. The resultant value of
relative humidity inside the experimental cell earin the range of 4-7 % while the relative huryidit
of ambient air exceeded 50 %.
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4. Results

The observations of convective flows in the airhwiit its preliminary drying or humidifying were
made for test purposes. The interferograms fordloen air with approx. 50 % relative humidity are
shown inFigure 2.

Figure 2. Experimental interferograms: a) isothermal airyéxtical temperature gradient (cold top
and hot bottom), c) small vertical T gradient prcidg moderate convection (hot bottom and cold
top), d) big vertical T gradient (intensive convenj

As we can see, the interferogram at zero temperatadient does not contain any interference
bands Figure 2.a). An increase in the heater temperature (bottatepleads to the appearance of an
interferogram Figure 2.b) which demonstrates parallel interference bands ttorrespond to
temperature isolines (an equal thickness of thedamicates that the temperature gradient is aohst
along the cell height). Further temperature inaelads to the bending of interferometric bands
(Figure 2.c and2.d), which is the indication of the presence of isiea convective flows in the cell.
These test results clearly demonstrate air corameélows can be investigated, both qualitatively an
quantitatively, by means of the holographic intesfeetry method.

The next step was to study air convection in theenbe of water vapor. For this, we performed a
series of test experiments in the following tempewmrangeT, = 15 to 60 C with a step of 1 C and
with a temperature difference gl = 0 to 20 CA few interferograms for the dry air (4 % relative
humidity) are shown ifrigure 3.

To=28C To=39C

a - b - c
Figure 3. Interferograms for the convective flows of dry afirvarying average temperatdigbut for
the same temperature different€e=20 C

The last figure is for demonstration purposes ohbyyever it is interesting to note the sensitivity
of interferometric measurements: interferogramartyeshow that the intensity of convective flows
depends significantly on the average temperatuhe ificrease ofly causes the decrease of the
convective flow intensity. This behavior is explkedhby the decrease of the thermal Rayleigh number
Rar due to the increase of gas viscogityith temperaturd.

We measured temperature during the experiment thighhelp of differential thermocouples. If
there was no convection in the cell, the signal &&s At the moment when a convective single flow
appeared, the threshold signal from thermocouptes registered=jgur e 3). The application of these
two (interferometry and thermocouple) methods magessible to detect and observe convection in
the measuring cell.
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Figure 4. Program analysis (right) of the experimental irgewfram (left): the spatial distribution of
the refractive inder(x,y) restored according to [9]

For each pair ofT, 4T), the refractive index fields(x,y) were restored analyzing the experimental
interferograms. The restoration procedure impliegmerical processing of interferograms in
accordance with the intensity distribution in thregimal digital images, which were processed using
the Mathematica 12 computer algebra system. Thmgbeaof the resultant numerical processing is
shown inFigure 4. It is seen that the refractive index grows veltycaccording to the temperature
gradient. At the same time, the temperature figtbdion caused by the counterclockwise convection
flow leads to a local decreaserofx,y) on the right side of the container. This staraidlfie rise flow
of the hot gas along the right wall of the contair@n the left side of the image, the refractivéex
values are higher than on the left side, becausedid gas flows down along the left wall. Hente, i
follows that the use of both experimental and nicaémethods allows visualizing and analyzing the
convective structures.

5. Conclusion

The convection of humid and dry air has been studigerimentally. For this purpose, a series of
laboratory tests has been performed using holograpterferometry and thermocouple techniques.
The experimental holograms were processed numigrid@al order to determine how the space
distribution of refractive index varies with temptmre and vapor concentration. For interferogram
processing, the software approach was implememiedprogram code for the system of computer
algebra Wolfram Mathematica 12 was written. Thisdden& possible to analyze the interferograms
obtained and to calculate a refractive index fothfer quantitative analysis. The experimental tssul
showed that the difference between moist conveamhdry convection can be measured even in the
absence of evaporation and condensation. Experaingnierferograms for dry air (dried up to 4 %
relative humidity) are given. The research presehtze is a preliminary study; the justificationitsf
scientific relevance requires an additional quatitie comparison with the measurements obtained for
humid air (with 100 % relative humidity) subjectttwe first-order phase transition of the “gas-lajui

type.
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