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VAFOR PRESSURE ANL EVAPORATION OF 3UBSTANCES
IN MOVABLE AIR

by
V. G, Meteak .

From the Inst, of lador Hygiene and Professional Diseases of the Acadeny
of Medioal Bciences USSR and the Moscow Regionsl Soientifio-~Research Sanita-
tion=Hygienio Inst,

The purpose of this report was to provide hygienists and engineers, work-
ing in the field of sanitation teohnology, with oonorete and founded data on
vapor pressure and rate of eveporetion in movable air of various inorganio and
organio sudbstanoes,

Special attention was devoted to substanoes, most frequently used in
teochnology, snd to toxio substances as well, The knowledge of these data will
allow hygienists to evaluate the potential danger during evaporation of toxio
substanoes in relstion %0 their phye-ohem, and toxicologiocdl properties, and

will allow ssnitation engineers to use same for making osloulations of air

sxohange, quantitative deterainstion of the degres of weighting air during

the svaporation of substances with greater moleoular weight, proper distribdution

over the influz and expansion sones and other mesasures of improving lador oon-
ditions at industries,
Yapor pressure of esdh sudbstanoe ordinarily can Us sxpresesd in s consid-

erable temperature interval {n form of logerithmio equationi

IO[P.——';--FI (1)
Hore ’n = pressure of saturated vapor of & substanoce in ma Hg at adeolute
tenmperature T; A and B are oonstants, ohsraoteristic for each subdbatanos, In
text Yooks for & majority of sudstances are given nusmerioal valuss of these
oonstants, |
Determination of vapor pressures by equation (1) is oconneoted with the

neoessity of fatiguing searcher for data in text bdooks and with the possidility

of errore turxn‘,g,ggplnttonu. That is why 4t is propogped for teohniosl amd
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ssnitation-teohnical oaloulations, where a 5% error is of nu considerable
importance, to employ nomograma, One of thess nomograms (tig, 1) was introduced
by prof, V. A, Kireyev, In this nomogram as standard substances were acoepted
hexane and witor. Tis nomogram was expanded by the author with 16 new sub~
stances added to it, Here were not inoluded aroﬁutio nitro-and amino oompounds,
for whioch the author has oompiled a seaond nomogramj here are given also oer-
tain other substances, having an analogous law of change in pressure of satur-
ated vapor with the ohange in temrsrature (fig. 2). The third nomogram (£ig. 3)
was ocompiled by the author for vapor pressure of certain molten metals and saltse,
As a standard in the last two nomograms werc accepted aitrobenzene and lead,

As an example of employing nomograms we will assume, that it is necessary
%0 know the pressurs of saturated vapor of oarbon tetraohloride at a tempera-
ture of 20°, In the list of substances, appended to fig, 1, oarbon tetrachlor-
ide is marked under number l4a, We place the ruler so that it will pass through
point 14a and point, ocorresponding to a temperature of 20°, The interseotion
of ruler with vertical line of vapor pressure shows, that the vapor pressure
of carbon tetrachloride at 20° equals about 90 mm Hg.

If 1t i3 necessary to establ’sh the boiling point of methylamine, marked
under number 28, we place the ruler so that it runs through 760 mm and point
28, We find that the boiling point of methylamine equals - 4°,

The pressure of saturated lead vapor at 500° acoording to nomogram (fig. 3)
oonstitutes about 0,00001 mm Hg. This corresponds to a ooncentration of 0,0043
mg/m3. But in ocompartments, where the work with molten lead is ocarried out, is
often observed a oconsiderably higher concentration, This can be explained by
tho faot, that lead vapor condenses, oconverte into dust partioleu of very min-
ute dfmensionality, whioh ssttle slowly, The concentration of lead aerosol
will depend upon the rate of deposition and may become muoh higher than the

ooncentration of lead vapor at the moment of evaporation,
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It ehould be pointed out, that sértain iead ocompound, e.g, lead sulfide and
lead chloride, as is evident from nomogram No, 3, are much more volatile, than
metallic lead, When remelting sorap lead, coming from chemical piants, this
oiroumstance may considerably inoreass the conocentration of lead compounds in
the air, The presently employed method of sampling lead in the air by sbsorp-
tion of nitric aocid sllows to determine the entire lead content in the air,
regardiess of the fact, in what form it was - in metallio or in form of chemical
compound.,

Xnowing the maximum vapor pressure of the substance under ordinary meteor-
ologioal conditions, it is possible to determine the ocorresponding to it oon-
centration in the air, For this purpose it is necess-ty to use equations in-
troduced by the author together with prof, L, K, Khotsyanov in 1944

P, M
C= Ty (2)

Here C - ooncentration (mg/1), M-ncleocular weight of substanoe, P, -prossure
of saturated vapor of substanoce at 10-20° and normal atmospheric pressure,

We will assume, that the pressure of acetio anhydride vspor, satursted at
20°, socording to nomogram No. 2 equals 2.7 mm Hg, It is necessary to deter-
mine the maximum possible ocnocentration of same in the air, Sudbstituting in
equation (2) B = 2.7 and 1e92, we will obtain, that maximum possible oonoentrs-
tion of acetio anhydride at 20° equals 15,5 mg/1.

If it is necessary to determine, what oconosntrations may fora in a oistern
used for oarrying bensene after it has been drained at s 10° tempersture of
outside sir, it is necessary %o use formuls (2),

Ordinarily a oistern is not emptied completely during the deoantation,

A ocertain smount of the liquid rexzsins on the bottom, espeoially in the pressnoce
of rust and sludge,

Consequently in "empty"” oisterns and volumes the air ocan attain total

saturation by the vapor of a substance, which was situated in it before, As

PFTD-TT-63-1044/142 3




Tesult of bensene evaporation the temperature of the air in the oistern drops
at first, and then on acoount of heat transfer through tho walls it rises to
the temperature of outside air,

By nomogram 1 we find that the pressure df saturated bengene vapor at 10°
equals 40 mm Hg, The molecular weight of the benzene equals 78, To obtain a
ocorrespondiang concentration we will subatitute the numerioal value in equation
(2).

P, M 40 ,78

C= 383 53 " 170 me/1

This conoentration of benzene is above maximum perm.38ible with respect to

B 101-54 by 3400 times, It is mlso higher than the lower limit of explosion
(48.7 mg/1).

It is known, that the rate of water evaporation and the evaporation of
other substanoces is proportional to the presaure differential of saturated
vipor of the pressure in the air, surrounding the substance, For a majority
of inatances the parctically charaoteristic difference of evaporation of anhyd-
rous substances in movable air and evaporation of water is this, that evapora-
tion of subatances takes place in the air, containing no vapor of the substance
or oontaining amounts of same very far from saturation, For example, if
evaporation of benzens takes place in the air, containing 1 mg/l of benzene,
whioh exceeds by twenty times the maximum permissible concentration, then this
high oconcentration oconstitutes at 20° only 0.3% of the total saturation,

The temperature of gubstances during evaporation in moving alr decreases
depending upon their volatility. Such easily volatile substances, as ether,
carbon disulfide, may roduce their temperature by tens or degrees, The prodlem
concerning the degree of temperature reduction of substances is not suffiociently
elucidated in literature, Well inveatigated was the reducing temperature of
svaporating water, approaching in a sufficiently mobile air the temperaturs of

a nunid thermomster, In 1938 we derived an equation to detormine the tempera-

FTD=TT=6 41044/ 142
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ture of evaporating water, and in 1951 - an equation to determine surface
tempeiature of any evaporating substances in moving air, To evaporate sub-
stances in muving air oontaining no vapor of the substance ¢r oontaining

insignifioently small amounts of sanme, this equation has the following form

HIH M
024:;-024“‘+(L+C. t.‘) _U__P—m

(3)

;"(‘D Ty \

TD-TT-63-1044/142 5
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Fig. 1., Nomogram of saturated vapor
pressure for chemically pure subatances
(according to V, A, Kireyev and data by
the author); 1-methylsilicany 2=-propad-
ieney 3-mathyl ohloridej 4-vinyl ohloride;
S5-butadiene; 6-ethyl chloride; 7-isoprenej
8-methylforminte; 9-centane; Sa-diethyl
ethery 1l0-ethyl bromidej ll-chloromethy-
lene; lla-carbon bisulfide; 12-sthylfor-
miatej; l3-chloroformy l4-n<hexanej;
14a=-carbon tetrachloride; 15-benzene;
15a=-trichloroethylene; 16-sthylacetates
16a~dichlorocethane; 17-fluorobenzenej
18-n-heptane; 1l8a-ethylpropionate;
18b-propylacetate; 19-toluene; l9a-tetra-
chloroethylene; 20-n-octanc (w)j
2l-n-octane (15; 22-chlorobenzene;
23~-bromobenzensy 24-n-decane; 25-iocdo-
benzene; 26-naphtalin; 26a-camphor;
26b-diphenyly Z6o-anthracene; 27-ammoniaj
28-methylamine; 29-acetone; 30-methyl
alcohol; 3l-ethyl alcohol; 3la-fcrmioc
acid; 32-water; 32a-propyl alccholj;
33-acetic acidj 33a-butanolj 34-propionic
acidy 35-isobutyric acid; 35a-valeric
acidy 36-n-butylene thiocolj 37-ethy=-
lercglyocoly 38-glycerinj 39-meroury;
J9a-mercuric chloride,
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Fig. 2. Nomogram of saturated vapor

ressure of chemioally pure substances
?aooording to the author), l-nitric
tetroxide; 2-=iscnentane; 3-phosphorus
trichlcride; 4-nitromethane; 5~chloro-
piorin; 6-sulfur monochloridej 7-tetran-
itromethane; 8-arsenic trichlorides
9-acetic anhydride; l10-dimethylanilines
ll-aniline; 1l2-phenol; 13~benzoyl chlor-
ide; 14-o-toluidinej 15-methylaniline;
l6-n-toluidine; 17-ethylainline;
18-nitrobengene; 19-o-nitrobenzens;
20~diethylaniline; 2l-antimony trichlo-
ridej 22-m=-nitrotouene; 23~n-nitrotouenej
23a-dimethylparatoluidine; 23b-quinoline;
24-phthalio anhydride; 25-o-nitrotoluene;
25a-diphenyl; 26-nitroglycerin; 27-araen=-
ous acid anhydride; 28-dibenzylketonej;
29-n-nitroanilinej 30-trinitrotoluenej
3l-mercurous chloride; 32-anthraquinone,
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where LA temperature of air, moving at a cortain distance al ong the surface of the

evaporating aubstange;

substancs

t

v - temperature,to which the surface of the evaporating

tends; Le-lstan$ temperature of substancs ewaporetion at 0% (in keal/kg); Cp=

spacific

heat at constant vapor pressure of the sutstence (in keal/kg); ; P ~presmire of

saturated vepor of substance at %, ( in mm Hg); B =atmospheric pressure ( in mm Hg),

By this aquation were caloulated temperatures,to which the surfaces of variocus

substanoces do tend during evaporation in moving air, An experiment was made,by wetting

the besd of the moisture thermameter of the aespiratica psychramster with various sube-

stences, as for example, with alcchol, chlorabs:azene, aniline,having different boiling

point, Experimental and caloulction data are campiled in table 1,

Table 1, Temperature of subatances during evaporation in movable al:

[ Substance Bepea$ [res | Temper, | Teip,of ov subs, |Vapor pressure
sure of 760 d air, | ocaloul, exper, |at avapor,temp,
"e of substanae(in

Vercury 360° 20°  [19,997° — 0,0012 -

giphcnyl 253: 207 19:22° =, 0,93

aphtalin 21 20 19, 19.6 0.05

Nitrobenzene 210,8° 20°  |19.1° 19,1° 0,22

Aniline 1840 205  |18,8° 18,9° 0.3

Chlorobenzene 132° 20 12 13° 6

Mgyl aloohol 1 3767° 2o: w,°o 157 2

B 0 0 - 0 1

Fihy? aloshol 78470 20, 2 50 1.6

Dichlorosthane 83.7° 20 =2° 1° 16

Aoetone 56,1° 20° -17° — 28

Ethyl ether 34,6° 200 | -28° - 43

Bxamining tsblo 1 S% will be noticeds &) for substances boiling at above 250°,

the temperature drop during evaporation in moveble air at normal atmospherio preasurs

is inuignificant; b) for substances,boiling at temperatures of from 184° (anilime)

to 218° (naphthalia) the samperature drop is 1,2° %0 0,4% o) fur substenaes,/at

132-1377° temperature drop {s 6=-8°% 4) for subetances,boiling at sbout 80°, temperature

drop in dry air may reach 20-25°%,

PTD-TTw-63-1044/ 142
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It should be mentioned, that a reduction in temperature for low boiling substan-
ces may come close to calculated under conditions, if the air is sufficiently dvy.
During bunid air the temperature drop caanot be much iowor than the dew point, Mois-
ture condensing on the 'surfaoo of ths subatenge,gives up its latent mat to the sud-
stanoe and interferes with the tempre.ature reduotion of the sudetm oe, During the
experiments the tomparatuuvdrop was somevhat lower, than by caloulations, but wery

close to caloulated, My
The rate of evaporation was mostly investigeted for water, Among the ﬁoa:o; )
of equations for the rate of water evaporation in moving air data oclosest to
are furniehed by caloulation in acoordange with equation,introduced by the All
Union Heat technical Inss,
S=(229+174V)(Py—F) (4)
vhete S « weight rete of eveporation (in g/w® hr); Verate of motion of the air (in
n/seo); (P‘-Pl- Freasure differential of saturated vepor at a tcuportur: /
vater add water vaper, ocntained in the air, moving ahove tiw vater,
The precess of ewaporstiocn of other substmres 4iffers fram water eveporation
by the followings
a) vepor density of sudstanges differs fram vater vapor and {s proportional %o
the molecular veight, iad so,vapor density of bemmene at {densiocal pres greater
than $hat of water vapor ty 70:15 = 4,3 times, where 78 - molecular veight of bem-
sens, &od 1S-molecular veight of vate
b) evaporation of substmees umially takes place in the air,contsining note of {4s
vapor of oonteining same iL qundities,very far from the limi$ of saturasion, And so,
bensems et a consentration of 1 mg/l at 20° saturates rpece cmly by 0,3%, Under sueh

conditions the two-ausber Po=Fy in 183 absolude value approsehed Py = pressure of se

FTD-TTw6341044/ 142 10




subatange vapor at the temporaturu of its ovaporation,
We mado the asgumption, that the rates of evaporation of water and other sudstan-
the
ows are aimilar to / outflw of wapor through openings at small preasure differential. 1.

The linear rate of 6uﬁlou equals: .
9.1‘/ 2!.1.!-’-' (5)

whore amega - rate of ocutflmw ( in n/seo); gwaoceleration of pgravitetion foros,equal~
ing 9,8 n/sec?; Ap = pressure differontial (in kg/m2); germa=weicht of 1 ) of vapor
(in kg)e
Fran equaticns (5) and (4) was derived the following equation for the rates of
evanoraticn of substances in movoble air:
Sw=(538+4,1 V)P, VW (6)
where M - molecular weight of substenos., Remaining designations and dimensions the
%iq/in oquation (4). To check tho correctnssa of this equation ve made an experimmt Rt
to determine the rate of toluene svaporation (boiling puint 104°), chlcrobenzens .
(132°), aniline (184°), naphthalin (218¢) and water in the air,moving over the
uré‘;o:;.“ substmoes at spaods of fram 0,25 %0 5 m/ses,
Measurement results are given in table 2,
Examiaing table @ che can notioce preater conformity in caloulated and exper imental
dats, shich allows tc propooe for the deternination of veight rate of subatenge
vaporstjon
3 in the air the previcusly msationed eqiation (6),
The temperature d the evajourized substance ocan be caloulated by aquation (3) or
take same in analogy with any other substence,listed in tadle 1,
Prensure of saturated vapor at o temperature of evaporised substanoe can be deter-
mined with the aid of introduced nomoprew. A 30,if it {2 nacensary to determing

the rate of evaporation of spilled nitrobenzene fram an area with a surface of 8 w?

FTD=TNwé =104/ 142 11




at an air lemperature of £0° at an air mobility of 3 m/sec, in thn absence of ra

diant heat then acoording to table 1 we find, that the temperature of the eveporsting

surface vil equal 19,1°,

Table 2,Caloulated and experimental rate of evaporation in moving air

FTD=TTwb3104l/ 142
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Dase [Substance | Rate of |Surfage | Air tem | Temp of | Amount of | Mf Remark
air mot |of eva peraty, |wetted | ewapor.sub| fer
ton m/s |por em? surface | stange betw
Pe alol| 6xDe
&
cal
6e22,54 Toluene : - Air desio~
5 12 2| 7 "3,01 | 2,08 [+1 oated in
3 12 22| ™ 1,94 | 2,03 | —4,6 || exper.,
1 12 | T 1,16 | 1,09 | 46,4
05| 12 7,8 0,78 | 0,86 | ~10
5 12 17,2013 1,02 1,95 ~i,6
5=18 Chloroban- 3 12 17,20 [13° ‘1,4 | 1,34 | +4,5
20 2008 1 12 ,2°113,2° 0,775{ 0,725 +6,9
i 0.8] 12 W20 (13,40 0,6 10,56 |+47,1
}
5 8 17,2°| 16° 0,06 |0,061 |—1,6 |
3 8 17,2°{ 16° 0,04110,038| 48
1 | 8 17,2°| 18,2 .0,0180,02 |~10
0.8 8 17,2 |18,2° .0,01410,0131 8,7
02%) 8 17,90 18,2° 0,014|0,013| 46,7
o ' - Data of
Analiaoe sesond
‘Zf sere.of
invest,
L 5 24,8 17,8°| 17° 0,03 d,oa 0
oel»17 Naphthalin . I by loss
§ | %,6 17,3 17 0,031/0,03 | 43 in weight
3 | 24,6 17,30} 17° 0,0210,022| —5 by analys
3 |28 17,80 17° '0,023 | 0,022 - by weight
i loss
1| 24,6 17,80 17 0,011{0,011: 0 analycis
1348 17,80 17° 0,01 {0,011] —10 ‘Yeishl;!io“
analysis
0,6 24,8 17,82 17° 0,01 10,008) +10 | yohy 1oss
boos { wazer 5 | 12 2| u 0.78 | 0,76 |~1,30

(



Fressuro of nitrobenzens vapor at 19,12 acoording to nomogrem No,2 equals 0,42 mm
Hge lolecular woight of nitrobenzens equals 123, Subatituting the numerical velue in
equation (6), ve will obtains ‘
Swm (5,38 » h.i V) By M= (5,38 + [ade3) 0,22 -V—IE = 43 gha hr
The amount of evaporizing nitrobonzene from a 2 m? surface equals 86 g/hy, This
small amount may contaminate .a considerable volume of air, According to H 10le54 the
maxdimun perrdosible consentration of nitrobenzens is 0,005 mg/l (g'm’)s Nitrobenzene

vapor in the amount of "6 g/hr may prodhce this concentm tion in a ventilated volume

86
0,005 = 17200 m°/hr,

Summary

The author has worked out a nomogram for determination of elasticity of
of saturated vapour and a method of oaloulating the rate of evaporation of var-
ious chemical substances in moving air, These data are necessary for evalua-
tion of potential danger of toxic substances and for caloulation of industrial

ventilation,

FTO-TT-4]w 1044/ 142 13
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