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Abstract 
The last article discussed in details effects of various ways of sealing window frames 

with adhesive tapes, and summarized resulting conclusions. 
For the seven selected toxic warfare agents (phosgene, chloroacetophenonee, 

chloropicrin, lewisite, sarin, mustard and VX) based on the penetration of sulphur hexafluoride, 
SF6 and medium incapacitating concentration LCt50 of the given substance at pressures of 5, 
30 and 50 Pa were calculated time when were this concentration reached.  

Various factors such as types of windows, sealing method, wind velocity, type of toxic 
substance and its concentration were also discussed in details. 

Performed experiments indicated significance of sealing the openings of improvised 
shelters, for example windows, and pointed at suitable possibility to protect thus constructed 
shelters. 
 
Key words 
Air leakage, improvised protection by concealment, industrial pollutants, military toxic 
substances, penetration of chemicals. 
 
 
INTRODUCTION 
 

In previous articles 1,2,3) in addition to own description of the experiment and the test 
chamber were discussed only measured values in detail (whether in case of an old wooden 
window with a substantial number of leaks or new plastic windows, where the leaks are 
virtually non-existent). 

There has been postulated that the method of sealing the window significantly affects 
the possible penetration of toxic substances from the outer to the inner space, i.e. the space 
which should serve as an improvised shelter (IU). Besides the sealing method, there were 
evaluated and discussed other factors such as wind speed (represented by an appropriate 
pressure), which would bring a toxic substance into the established IU, type of a window (wood 
x plastic, old x new), air-tighten side, the material used for sealing, the concentration of a toxic 
substances, etc. 

This article provides not only a summary of the air permeability values (for wooden 
and plastic window; air permeability relative to the length of a joint and the surface of 
a window), but there are particularly presented calculated values of the time during which 
the system would be sealed enough to protect the IU user, until the LCt50 value would 
be reached, i.e. a concentration that would cause death of 50 % users. The calculated values 
are shown for all kinds of sealing including a system " A " for both types of windows, the 
measured pressure range (wind speed) 5-50 Pa, for selected industrial pollutants and chemical 
warfare agents and their different input concentration under a selected pressure and type of 
sealing. 
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RESULTS AND DISCUSSION 
 
1.  Air permeability 
 
 Based on the amount of air supplied to maintain constant pressure in the chamber, 
there were calculated values of air permeability of all individual types of windows sealing, 
depending on the measured pressure (wind speed). These values were put in relation to either 
the total area of the window (Table 1 - wooden window, table 3 - plastic window) or the total 
length of a window joint (Table 2 - wooden window; table 4 - plastic window). The results 
summary (for plastic and wooden windows) give a comprehensive view of the potential 
penetration of contaminant into the interior. 

The air permeability was calculated according the following relations: 
 

 
Ppk =       Pdsk =   
 
 

Where: Ppk  air permeability related to the total area of the window [m3.h-1.m-2], 
       Pdsk  air permeability related to the total length of a window joint [m3.h-1.m-1], 
 Qair  air-flow2,3) [l.min-1], 
 S  area of PP desk [3,060 m2], window [1,785 m2], 
  l    total length of a joint of PP desk [7,140 m], window [5,380 m]. 
 

Table 1 
Influence of the type of sealing and pressure on the air permeability related to the total area 

of a window - wooden window 
 

Air permeability related to the area of the window [m3.h-1.m-2] 
p 

[Pa] 
modif 
"A" "B" "C" "D" "E" "F" "G" "H" "I" 

5 0,000000 2,66890 0,161345 0,010084 0,006050   0,003025   

10 0,000000  0,282353 0,023529 0,013445 0,026891 0,026891 0,012773 0,000034 

20 0,000000  0,517647 0,040336 0,026891 0,070588 0,067227 0,023529 0,006723 

30 0,000000  0,705882 0,052101 0,040336 0,097479 0,094118 0,036975 0,009412 

40 0,000003  0,870588 0,063866 0,047059 0,121008 0,110924 0,043697 0,011765 

50 0,000037  1,008403 0,073950 0,058824 0,147899 0,141176 0,058824 0,023529 

75 0,001311  1,512605 0,097479 0,084034 0,198319 0,184874 0,090756 0,040336 

100 0,004504  1,946218 0,122689 0,104202 0,238655 0,205042 0,097479 0,047059 

150 0,007395  2,857143 0,157983 0,137815 0,305882 0,265546 0,141176 0,077311 

200 0,009916   0,194958 0,174790 0,369748 0,315966 0,181513 0,100840 

250 0,011765   0,231933 0,205042 0,420168 0,366387 0,218487 0,117647 

300 0,013445   0,263866 0,231933 0,467227 0,406723 0,245378 0,157983 
 
 
 
 

Qair * 0,06

S S S 
Qair * 0,06

l 
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Table 2 
Influence of the type of sealing and pressure on the air permeability related to the lenght 

of a window joint - wooden window 
 

Air permeability related to the lenght of a window joint [m3.h-1.m-1] 

p [Pa] modif 
"A" "B" "C" "D" "E" "F" "G" "H" "I" 

5 0,000000 0,885502 0,053532 0,003346 0,002007   0,001004   
10 0,000000  0,093680 0,007807 0,004461 0,008922 0,008922 0,004238 0,000011 

20 0,000000  0,171747 0,013383 0,008922 0,023420 0,022305 0,007807 0,002230 

30 0,000000  0,234201 0,017286 0,013383 0,032342 0,031227 0,012268 0,003123 

40 0,000001  0,288848 0,021190 0,015613 0,040149 0,036803 0,014498 0,003903 

50 0,000012  0,334572 0,024533 0,019517 0,049071 0,046840 0,019517 0,007807 

75 0,000435  0,501859 0,032342 0,027881 0,065799 0,061338 0,030112 0,013383 

100 0,001494  0,694573 0,040706 0,034572 0,079182 0,068030 0,032342 0,015613 

150 0,002454  0,947955 0,052416 0,045725 0,101487 0,088104 0,046840 0,025651 

200 0,003290   0,064684 0,057993 0,122677 0,104833 0,060223 0,033457 

250 0,003903   0,076952 0,068030 0,139405 0,121561 0,072491 0,039033 

300 0,004461   0,087546 0,076952 0,155019 0,134944 0,081413 0,052416 
 

Table 3 
Influence of the type of sealing and pressure on the air permeability related to the total area 

of a window - plastic window 
 

Air permeability related to the area of the window [m3.h-1.m-2] 

p 
[Pa] 

modif 
"A" "B" "C" "D" "E" "F" "G" "H" "I" 

10 0,000000 0,033331 0,029410 0,005882 0,005294 0,000002 0,003921 0,003333 0,001667 

20 0,000000 0,060780 0,050977 0,007843 0,008823 0,005882 0,005882 0,006862 0,003725 

30 0,000000 0,080387 0,071564 0,013725 0,010784 0,007843 0,007843 0,008823 0,004902 

40 0,000003 0,098033 0,086269 0,017646 0,015685 0,009803 0,011764 0,011764 0,006862 

50 0,000037 0,117639 0,103915 0,019607 0,017646 0,013725 0,015685 0,015686 0,011764 

75 0,001311 0,160774 0,137246 0,033331 0,029410 0,021567 0,017646 0,023528 0,017646 

100 0,004504 0,196066 0,156852 0,039213 0,038233 0,025489 0,021567 0,031370 0,023528 

150 0,007395 0,264689 0,233318 0,058820 0,055879 0,027449 0,027449 0,045095 0,037252 

200 0,009916 0,335272 0,294098 0,078426 0,075845 0,029410 0,029410 0,060780 0,048036 

250 0,011765 0,482321 0,392131 0,096072 0,092151 0,035292 0,035292 0,064702 0,054898 

300 0,013445 0,588197 0,490164 0,113718 0,107836 0,037252 0,037252 0,070584 0,056859 
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Table 4 
Influence of the type of sealing and pressure on the air permeability related to the lenght 

of a window joint - plastic window 
 

Air permeability related to the lenght of a window joint [m3.h-1.m-1] 

p 
[Pa] 

modif 
"A" "B" "C" "D" "E" "F" "G" "H" "I" 

10 0,000000 0,014286 0,012605 0,002521 0,002269 0,000001 0,001681 0,001429 0,000714 

20 0,000000 0,026050 0,021849 0,003361 0,003782 0,002521 0,002521 0,002941 0,001597 

30 0,000000 0,034454 0,030672 0,005882 0,004622 0,003361 0,003361 0,003782 0,002101 

40 0,000001 0,042017 0,036975 0,007563 0,006723 0,004202 0,005042 0,005042 0,002941 

50 0,000012 0,050420 0,044538 0,008403 0,007563 0,005882 0,006723 0,006723 0,005042 

75 0,000435 0,068908 0,058824 0,014286 0,012605 0,009244 0,007563 0,010084 0,007563 

100 0,001494 0,084034 0,067227 0,016807 0,016387 0,010924 0,009244 0,013445 0,010084 

150 0,002454 0,113445 0,100000 0,025210 0,023950 0,011765 0,011765 0,019328 0,015966 

200 0,003290 0,143697 0,126050 0,033613 0,032353 0,012605 0,012605 0,026050 0,020588 

250 0,003903 0,206723 0,168067 0,041176 0,039496 0,015126 0,015126 0,027731 0,023529 

300 0,004461 0,252101 0,210084 0,048739 0,046218 0,015966 0,015966 0,030252 0,024370 

 
 
Results of the air permeability - conclusions: 
 
a) comparison of the air-tightness of the test chamber with individual types of windows 
  When comparing the calculated values of an air permeability of the test chamber (ZK) 
sealed with PP board as a benchmark system and the best sealed systems of different types of 
windows ( wooden window - system "I" , plastic window - system "G" ) under selected pressure 
of 100 Pa (corresponding to a wind speed of about 45 km/h) it was found: 
-  in any case (whether it was  a wooden or a plastic window ) the values of air permeability 

(related either to the area or length of the window joint) under a given pressure of 100 Pa 
were not lower than the ZK sealed with PP board; 

-  the difference between the value of an air permeability of a wooden window (DO) and the 
test chamber (ZK) (in both - the air permeability related to the surface and the length of a 
window joint) is approximately 90 %, a similar difference of the values of the air 
permeability was observed in the case of plastic window (PO) related to the area (approx. 
79 %) and in the case of the air permeability related to the length of a window joint 
(approximately 84 %); 

-  from these results it is obvious that in case of the best type of sealing PO ("G") it is 
obtained a lower rise in the air permeability than in the case of the best type of sealing DO 
("I"), this result was observed in both - the air permeability related to the surface and the 
length of a window joint, which means that the toxic substance would penetrate slower through 
the plastic window, thus the type of a window sealed with a system ("G") will provide 
better protection than a wooden window equipped with it its best type of sealing - the system 
("I"), the difference ranges from 11 to 7 % depends on the way of expression of the results; 

-  this conclusion is confirmed also by the mutual comparison of the air permeability values 
of different types of windows, where the difference between wooden windows (DO) and 



POPULATION PROTECTION, EMERGENCY THE SCIENCE FOR POPULATION PROTECTION 1/2014 
MANAGEMENT AND CRITICAL INFRASTRUCTURE 

5 

plastic windows (PO) in the case of the air permeability related to the surface is 
approximately 54 %, and in the case of the air permeability related to the length of the 
window joint is approximately 41%; 

-  these results clearly point to the difference between the new plastic window and the old  
wooden window and indirectly point to future problems with their sealing and protective 
properties. The results are shown in Table 5. 

 
Table 5 

Calculated differencies between the air permeability of windows and ZK  
under the pressure of 100 Pa 

 
Air permeability related to: 

Area [m3.h-1.m-2] Joint lenght [m3.h-1.m-1] 
ZK DO PO ZK DO PO 

0,004504 0,047059 0,021567 0,001494 0,015613 0,009244 
sealing „I“ „G“ sealing „I“ „G“ 

 
Difference between the window and ZK (%); related to ZK 

 90,4 79,1  90,4 83,8 
 

Difference between individual windows (%); related to DO 
 54,2  40,8 

 
b) the effect of taping 
-  In the case of a wood window, whether it is concerned the air permeability related to the 

area or to the length of the window joint (even though there was calculated only one value 
for the system without any taping - "B" - it can be assumed on the basis of other results that 
under higher pressures these values will increase) the value of the air permeability of un-
taped window "B" under given pressure is always higher in comparison with a taped window 
and not only in the case where the film was not applied ("B" x "C" , "D" , "E"), but also in 
the case where the film was used ("F" x "G", "H", "I" ) - see Table No. 1 and Table No. 2; 

-  in the case of the plastic window this stands only for not application of the film - see Table 
No. 3 and Table No. 4, in systems with the application of the film but not taped ("F") and 
the window taped only from inside ("G"), these values are, particularly at higher pressures 
above 150 Pa, lower than those calculated in the other two systems, whether the opposite 
result was expected, as in the case of a wooden window. In the case of the window taped 
from outside ("H"), these values are rather higher, but slightly decreases if the window is 
taped from both sides ("I"). 

 
c) the effect of taping the sides 
-  Comparing the taping of window sides, either with or without foil sheets, in most cases the 

calculated values of the air permeability decrease in a row starting from the inner taping 
("C", "G"), over the outer taping ("D", "H"), to the double side taping ("E", "I" ) in the 
case of wooden windows; 

-  this trend stands mostly also for the plastic windows without any additional sealing using a 
PE film, (so the air permeability decreases in this sequence "C"> "D"> "E"); 

-  taking the plastic windows covered with foil into account, these conclusions hold true only 
for the lowest measured pressure of 10 Pa, i.e. wind speed of about 15 km/h. At pressures 
ranged from 20 to 75 Pa (wind speed about 21-40 km/h) the values in the system "I", i.e. 
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double side taped window, are lower or the same compared to the systems with inner 
("G") or outer ("H") taping. At higher pressures, i.e. from 75 to 300 Pa (wind speed about 
40-79 km/h), however, the calculated air permeability values of double side taped window 
(" I") are higher than the window taped just from the inner side ("G"); 

-  the maximum values of the air permeability, besides the initial pressure of 10 Pa, were 
calculated for the window taped from the outer side ("H"). 

 
d) vliv fólie 

The effect of the film became evident in testing of both - the wooden and the plastic 
windows. For all of the compared pairs of both types of windows (without foil x with foil; "B" - 
"F", "C" - "G", "D" - "H" and "E" - "I") it showed that the air permeability values were lower 
when the window was subsequently sealed using a PE foil. In some cases, these differences 
were not significant. 

The influence of the film was particularly significant when testing the window sealed 
from the inner side ("C" - "G") and window sealed from both sides ("E" - "I"). As for the outer 
sealing, where the sealing tape is, because of the influence of the airflow (pressure), pressed 
into the window joints and therefore improves the system tightness, the use of the foil is not so 
significant - see above. The film however improves the tightness of the system to some extent. 
 
e) the effect of pressure - wind speed 
 With increasing pressure (wind speed) - for both types of windows, in all measurement 
schemes and ways of expression the air permeability (related to the surface and the length of 
window joints) - the values of the air permeability were increasing. The results thus confirmed 
the assumption that the increasing pressure gradient would lead to easier penetration of 
hazardous pollutant through the leaks.  
 Higher pressures (wind speed) do not dominantly influence the air permeability. The 
gaps between the PP board and the test chamber are so small that under these pressures we can 
observe rather the resistance to air leakage through the gap, resulting in the loss of pressure 
(wind speed) inside the chamber. 
 
f) comparing of  calculated values of the air permeability 
 The calculated values of air permeability (Tables No. 1 - 4) were compared with those  
according to EN 12207, which serves as a standard for the classification of windows in the 
appropriate classes. 
-  Results of all measurements, i.e. of both types of windows (wooden2,4,5,6), plastic 3,5,6,7)), 

using all types of sealing systems ("B", "C", "D", "E", "F", "G", "H" and "I"), including 
the test chamber itself with PP board ("A"), as well as of the two methods of expression of 
the air permeability (related both - to the area and the length of joints), and under all 
measured pressures, show that all calculated values of the air permeability were lower than 
the corresponding values of the air permeability of the class 4, which is the highest class 
according to the relevant standards; 

-  the only one difference (higher values) was found when measuring a wooden window with 
system "B", when the air permeability related to the window area at the pressure of 5 Pa 
was 2.67 m3.h-1.m-2 (Table No. 1), while in class 4 according to the relevant standards at a 
given pressure the corresponding value is approximately 0.41 m3. h-1.m-2, in class 3 it is 
1.22 m3.h-1.m-2 and in class 2 it is 3.67 m3. h-1.m-2. Similarly, in the case of the air 
permeability related to the length of joints of wooden windows at the pressure of 5 Pa, the 
measured value was 0.89 m3. h-1.m-2 (Table No. 2), while in class 4 according to the 
relevant standards at a given pressure the corresponding value is approximately            
0.10 m3. h-1.m-2, in class 3 it is 0.30 m3. h-1.m-2 and in class 2 the value is 0.91 m3. h-1.m-2; 
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-  from these results of both types of the air permeability followed, that the air permeability 
values of the system "B" (wooden window) measured at a given pressure of 5 Pa correspond to 
class 2 - 3 according to EN 12207 more than the values measured in systems "C" - "I"; 

-  it can also be assumed that even at higher pressures (again stands for the wooden 
window), the values of the air permeability would be higher than those in class 4 or class 
3, respectively, despite the fact that these values were not able to be measured and 
calculated4) as it was explained before; 

-  in the case of a wooden window made in the design ("C"), which is a system with inner sealing 
and without a film, the values of the air permeability relative to the length of the joints are only 
slightly lower than the air permeability given in class 4, but still they belong to this class; 

-  the results also show that any sealing of the window by the insulating tape causes the 
progress of the air permeability classification of at least 2 classes higher in comparison with 
unsealed window (see the improvement in the case of the unsealed window "B"). It is then 
obvious that any kind of window sealing affects the tightness of the window significantly. 

Higher values of the air permeability indicate the easier way of penetration of 
dangerous chemicals towards the interior of improvised shelter, thereby increasing the 
likelihood of injury and subsequent death!!! 
 
 
2  Determination of time of reaching the mean incapacitating concentration 
 
 Table No. 6 shows the toxicological data of selected chemical warfare agents, 
including their code designation. 
 

Table 6 
Mean incapacitating concentration of selected chemical warfare agents 

 

Agent Code 
designation

Molecular weight 
[g.mol-1]

LCt50
[mg.min.m-3] 

LCt50 
[ppm] 

Phosgene CG    98,90  3200   777,88 
Chloroacetophenone CN 154,59  7000 1088,62 
Chloropicrin PS 164,37       20000 2925,29 
Sarin GB 140,10    100     17,16 
Lewisite L 207,31  1200   139,17 
Mustard HD 159,07  1500   226,71 
VX VX 267,40      35       3,15 

Note: Values of LCt50 were taken from the publication „CBRN Chemical weapons“ published by 
Matousek and Linhart8). 
 

Based on the measured values of penetration of different types of windows, ways of 
taping and selected pressures (wind speed Tables No. 7 and No. 8), were for the individual toxic 
chemicals calculated times, when the mean lethal concentration LCt50 was reached. 

These calculated values are only indicative, as they are connected not only with a time 
spent in IU (Table No. 9), but especially with the concentration of chemical warfare agents 
(with its increasing value increased, in most cases, the value of penetration, which is reflected 
by shortening the length of stay in IU) and the quality of sealing of windows. At concentrations 
up to 1000 ppm (plastic window) and 2000 ppm (wooden window) were achieved higher values 
of penetration in the case of sealing the window covered by foil (sealing "I" compared to 
sealing "E"). Only above these concentration levels, the better window sealing became evident 
by decreasing of the values of penetration, which ultimately leads again to extend the period of 
stay of sheltered persons in IU. 
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The values displayed in Tables No. 10 - 15, respectively No. 16 - 17 were calculated 
based on the penetration of SF6 in 60th minute (see Tables No 7 - 8, respectively No. 9). The 
calculation was based on the assumption of a linear concentration growth of a toxic substance in 
the measured area until the LCt50 value of the substance was reached (in fact, the calculated 
values would be higher, as the increase of the concentration would slow down) and was 
obtained as a proportion of LCt50 of the substance [ppm] and a breakthrough concentration. 
 
Reaching of LCt50  =   
 
Where:  Reaching of LCt50 period, when the mean lethal concentration LCt50 of the 

substance at given pressure was reached [h], 
  LCt50 mean lethal concentration of the substance [ppm], 
  penetration in 60th min. value of penetration in 60th minute at given pressure and 

taping of the window [ppm.h-1]. 
 

Table 7 
Penetration of SF6 in 60th minute, wooden window, concentration 2000 ppm 

 

p 
[Pa] 

Type of taping
A B C D E F G H I 

Penetration SF6 [ppm]
  5 0,308 Not measured 16,327 1,646 0,919   4,411   1,242 0,314 0,877 
30 0,327 Not measured 49,725   5,555 5,150 13,127   8,234 2,179 3,119 
50 0,493 Not measured 58,826   8,710 6,947 18,092 12,908 4,720 3,317 

Note: in the case of taping „C“ the values were taken in 30th minute, 60th minute were not measured 
because of technical issues. 
 

Table 8 
Penetration of SF6 in 60th minute, plastic window, concentration 2000 ppm 

 

p [Pa] 
Type of taping

A B C D E F G H I 
Penetration SF6 [ppm]

5 0,308 4,181 3,559 0,556 0,293 1,641 0,621 0,333 0,221 
30 0,327 12,772 12,461 3,141 2,490 2,780 2,510 1,768 0,988 
50 0,493 16,098 15,694 4,034 3,570 3,622 3,323 3,046 2,153 

 
Table 9 

Penetration of SF6 in 60th minute, 30 Pa, taping „E“ and „I“ 
 

Type of window Wooden Plastic 
Type of taping „E“ „I“ „E“ „I“ 

c [ppm] Penetration SF6 [ppm] 
  100 0,336  0,092 0,409 
  150  1,005   
  350  1,655   
  500 0,838  0,383 0,797 
  550  1,960   
1000 1,176 2,836 1,044 1,008 
1500 1,670 4,148  1,495 
2000 5,150 3,199 2,490 0,988 

LCt50 
penetration in 60th minute
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The following six tables show periods, when the LCt50 values are reached in the 
respective sealing system using three selected pressures (wind speed). The pressure of 5 Pa was 
in our case chosen deliberately as the smallest measurable constant pressure, which corresponds 
to the wind speed of about 10 km/h and thus represents the conditions, when the penetration of 
toxic substances occurs almost spontaneously, based on changes in concentration in front of the 
window and behind it. Pressure values of 30 Pa and 50 Pa then represent common wind speed 
occurring in our country. 

We were not able to achieve measurable values in the case of wooden windows 
without any sealing ("B"), because of the technical limitation of the equipment used for testing. 
However, it can be assumed based on the results achieved that the value LCt50 would be 
achieved in a very short period of time compared to sealed windows. 
 

Table 10 
Reaching of LCt50 at the pressure of 5 Pa (wind speed 10.3 km/h) in the case of plastic window 

for selected toxic agents and measured systems 
 

Toxic agent 

Plastic window 

Reaching of LCt50 (h) at 5 Pa ~ 10.3 km/h 

A B C D E F G H I 
Phosgene COCl2 2526,0 186,0 248,6 1780,0 3087,0 474,0 1253,0 2336,0 3520,0 
(LCt50 - 778 ppm) 
Chloroacetophenone  
C6H5-CO-CH2Cl 3534,0 260,4 347,9 2491,0 4320,0 663,0 1753,0 3269,0 4926,0 
(LCt50 - 1089 ppm) 
Chloropicrin Cl3C-NO2 9498,0 699,7 934,9 6694,011608,0 1783,0 4711,0 8785,0 13237,0 
(LCt50 - 2925 ppm) 
Sarin [(CH3)2CHO]CH3P(O)F 

55,7 4,1 5,5 39,3 68,0 10,5 27,6 51,5 77,7 
(LCt50 - 17,2 ppm) 
Lewisite ClCH=CH-AsCl2 452,0 33,3 44,5 318,5 552,3 84,8 224,0 418,0 630,0 
(LCt50 - 139 ppm) 
Mustard S(CH2-CH2Cl)2 736,0 54,2 72,5 518,8 900,0 138,0 365,0 681,0 1026,0 
(LCt50 - 227 ppm) 
VX 
i-Pr2N-CH2CH2-S-PO(CH3)-
O-CH2CH3 

10,2 0,75 1,0 7,2 12,5 1,9 5,1 9,5 14,3 

(LCt50 - 3,15 ppm) 
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Table 11 
Reaching of LCt50 at the pressure of 30 Pa (wind speed 25.1 km/h) in the case of plastic 

window for selected toxic agents and measured systems 
 

Toxic agent 

Plastic window 

Reaching of LCt50 (h) at 30 Pa ~ 25.1 km/h 

A B C D E F G H I 
Phosgene COCl2 2379,0 60,9 69,7 314,0 394,0 280,0 310,0 440,0 787,0 
(LCt50 - 778 ppm) 
Chloroacetophenone
C6H5-CO-CH2Cl 3329,0 85,2 97,5 439,0 552,0 392,0 434,0 616,0 1102,0 
(LCt50 - 1089 ppm) 
Chloropicrin Cl3C-NO2 8946,0 229,0 262,1 1180,0 1483,0 1054,0 1165,0 1655,0 2961,0 
(LCt50 - 2925 ppm) 
Sarin [(CH3)2CHO]CH3P(O)F 

52,5 1,3 1,5 6,9 8,7 6,2 6,8 9,7 17,4 
(LCt50 - 17,2 ppm) 
Lewisite ClCH=CH-AsCl2 426,0 10,9 12,5 56,1 70,5 50,1 55,5 78,7 140,9 
(LCt50 - 139 ppm) 
Mustard S(CH2-CH2Cl)2 693,0 17,8 20,3 91,5 114,9 81,7 90,3 128,0 229,0 
(LCt50 - 227 ppm) 
VX              
i-Pr2N-CH2CH2-S-PO(CH3)-
O-CH2CH3 9,6 0,3 0,3 1,3 1,6 1,1 1,3 1,8 3,2 

(LCt50 - 3,15 ppm)                   
 

Table 12 
Reaching of LCt50 at the pressure of 50 Pa (wind speed 32.4 km/h) in the case of plastic 

window for selected toxic agents and measured systems 
 

Toxic agent 

Plastic window 

Reaching of LCt50 (h) at 50 Pa ~ 32.4 km/h 

A B C D E F G H I 

Phosgene COCl2 
(LCt50 - 778 ppm) 1578,0 48,3 55,0 238,0 274,0 215,0 234,0 255,0 361,0 

Chloroacetophenone  
C6H5-CO-CH2Cl 
(LCt50 - 1089 ppm) 

2208,0 67,6 77,1 332,0 383,0 301,0 328,0 357,0 506,0 

Chloropicrin Cl3C-NO2 
(LCt50 - 2925 ppm) 5934,0 229,0 207,0 893,0 1030,0 808,0 880,0 960,0 1359,0 
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Continuation of the table 12 

Sarin [(CH3)2CHO]CH3P(O)F 
(LCt50 - 17,2 ppm) 34,8 1,1 1,2 5,2 6,0 4,7 5,2 5,6 8,0 

Lewisite ClCH=CH-AsCl2 282,0 8,7 9,9 42,5 49,0 38,4 41,9 45,7 64,6 
(LCt50 - 139 ppm) 
Mustard S(CH2-CH2Cl)2 460,0 14,1 16,1 69,2 79,9 62,6 68,2 74,4 105,0 
(LCt50 - 227 ppm) 
VX            
i-Pr2N-CH2CH2-S-PO(CH3)-
O-CH2CH3 

6,4 0,2 0,2 1,0 1,1 0,9 1,0 1,0 1,5 

(LCt50 - 3,15 ppm)            
 

Table 13 
Reaching of LCt50 at the pressure of 5 Pa (wind speed 10.3 km/h) in the case of wooden 

window for selected toxic agents and measured systems 
 

Toxic agent 

Wooden window 

Reaching of LCt50 (h) at 5 Pa ~ 10.3 km/h 

A B C D E F G H I 
Phosgene COCl2 2526,0 N 23,8 473,0 846,0 176,0 626,0 2477,0 887,0 
(LCt50 - 778 ppm) 
Chloroacetophenone  
C6H5-CO-CH2Cl 3534,0 N 33,3 661,0 1185,0 247,0 877,0 3309,0 1241,0 
(LCt50 - 1089 ppm) 
Chloropicrin Cl3C-NO2 9498,0 N 89,6 1777,0 3183,0 663,0 2355,0 9316,0 3336,0 
(LCt50 - 2925 ppm) 
Sarin [(CH3)2CHO]CH3P(O)F 

55,7 N 0,53 10,4 18,7 3,9 13,8 54,7 19,6 
(LCt50 - 17,2 ppm) 
Lewisite ClCH=CH-AsCl2 452,0 N 4,3 84,6 151,0 31,6 112,0 443,0 159,0 
(LCt50 - 139 ppm) 
Mustard S(CH2-CH2Cl)2 736,0 N 6,9 138,0 247,0 51,4 183,0 722,0 259,0 
(LCt50 - 227 ppm) 
VX             
i-Pr2N-CH2CH2-S-PO(CH3)-
O-CH2CH3 

10,2 N 0,10 1,9 3,4 0,7 2,5 10,0 3,6 

(LCt50 - 3,15 ppm)            
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Table 14 
Reaching of LCt50 at the pressure of 30 Pa (wind speed 25.1 km/h) in the case of wooden 

window for selected toxic agents and measured systems 
 

Toxic agent 

Wooden window 

Reaching of LCt50 (h) at 30 Pa ~ 25.1 km/h 

A B C D E F G H I 
Phosgene COCl2 2379,0 N 7,8 140,0 151,0 59,3 94,5 357,0 249,0 
(LCt50 - 778 ppm) 
Chloroacetophenone  
C6H5-CO-CH2Cl 3329,0 N 20,8 196,0 211,0 82,9 132,0 500,0 349,0 
(LCt50 - 1089 ppm) 
Chloropicrin Cl3C-NO2 8946,0 N 29,4 527,0 568,0 223,0 355,0 1342,0 938,0 
(LCt50 - 2925 ppm) 
Sarin [(CH3)2CHO]CH3P(O)F 

52,5 N 0,17 5,0 3,3 1,3 2,1 7,9 5,5 
(LCt50 - 17,2 ppm) 
Lewisite ClCH=CH-AsCl2 426,0 N 2,7 25,1 27,0 10,6 16,9 63,9 44,6 
(LCt50 - 139 ppm) 
Mustard S(CH2-CH2Cl)2 693,0 N 2,3 40,8 44,0 17,3 27,5 104,0 72,7 
(LCt50 - 227 ppm) 
VX             
i-Pr2N-CH2CH2-S-PO(CH3)-
O-CH2CH3 

9,6 N 0,03 0,6 0,61 0,2 0,4 1,5 1,0 

(LCt50 - 3,15 ppm)            
 

Table 15 
Reaching of LCt50 at the pressure of 50 Pa (wind speed 32.4 km/h) in the case of wooden 

window for selected toxic agents and measured systems 
 

Toxic agent 

Wooden window 

Reaching of LCt50 (h) at 50 Pa ~ 32.4 km/h 

A B C D E F G H I 
Phosgene COCl2 1578,0 N 6,6 89,3 112,0 43,0 60,3 165,0 235,0 
(LCt50 - 778 ppm) 
Chloroacetophenone  
C6H5-CO-CH2Cl 2208,0 N 9,3 125,0 157,0 60,2 84,3 231,0 328,0 
(LCt50 - 1089 ppm) 
Chloropicrin Cl3C-NO2 5934,0 N 24,9 336,0 421,0 162,0 227,0 620,0 882,0 
(LCt50 - 2925 ppm) 
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Continuation of the table 15 
Sarin [(CH3)2CHO]CH3P(O)F 

34,8 N 0,15 2,0 2,5 1,0 1,3 3,6 5,2 
(LCt50 - 17,2 ppm) 
Lewisite ClCH=CH-AsCl2 282,0 N 1,2 16,0 20,0 7,7 10,8 29,5 42,0 
(LCt50 - 139 ppm) 
Mustard S(CH2-CH2Cl)2 460,0 N 1,9 26,0 32,6 12,5 17,6 48,0 68,4 
(LCt50 - 227 ppm) 
VX              
i-Pr2N-CH2CH2-S-PO(CH3)-
O-CH2CH3 

6,4 N 0,03 0,36 0,45 0,2 0,2 0,7 1,0 

(LCt50 - 3,15 ppm)                   
 

Table 16 
Reaching of LCt50 at the pressure of 30 Pa (wind speed 25.1 km/h) in the case of plastic 

window for selected toxic agents, concentrations and measured systems 
 

Toxic agent 

Plastic window 

c [ppm] 
100 500 1000 2000 100 500 1000 1500 2000 
Taping without foil (E) Taping with foil (I) 

Reaching of LCt50 (h) at 30 Pa ~ 25.1 km/h 

Phosgene COCl2 8455,0 2031,0 745,0 312,0 1902,0 976,0 772,0 520,0 787,0 
(LCt50 - 778 ppm) 
Chloroacetophenone  
C6H5-CO-CH2Cl 11833,0 2842,0 1043,0 437,0 2662,0 1366,0 1080,0 728,0 1102,0 
(LCt50 - 1089 ppm) 
Chloropicrin Cl3C-NO2 31797,0 7638,0 2802,0 1175,0 7152,0 3670,0 2902,0 1957,0 2961,0 
(LCt50 - 2925 ppm) 
Sarin 
[(CH3)2CHO]CH3P(O)F 187,0 44,8 16,4 6,9 42,0 21,5 17,0 11,5 17,4 
(LCt50 - 17,2 ppm) 
Lewisite ClCH=CH-AsCl2 1513,0 363,0 133,0 55,9 340,0 175,0 138,0 93,1 141,0 
(LCt50 - 139 ppm) 
Mustard S(CH2-CH2Cl)2 2464,0 592,0 217,0 91,1 554,0 284,0 225,0 152,0 229,0 
(LCt50 - 227 ppm) 
VX               
i-Pr2N-CH2CH2-S-PO(CH3)-
O-CH2CH3 

34,2 8,2 3,0 1,3 7,7 4,0 3,1 2,1 3,2 

(LCt50 - 3,15 ppm)             
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Table 17 
Reaching of LCt50 at the pressure of 30 Pa (wind speed 25.1 km/h) in the case of wooden 

window for selected toxic agents, concentrations and measured systems 
 

Toxic agent 

Wooden window 

c [ppm] 
150 350 550 1000 1500 2000 100 500 1000 1500 2000 

Taping without foil (E) Taping with foil (I) 

Reaching of LCt50 (h) at 30 Pa ~ 25.1 km/h 

Phosgene COCl2 774,0 470,0 397,0 274,0 188,0 151,02315,0 928,0 661,0 466,0 319,0 
(LCt50 - 776 ppm) 
Chloroacetophenone 
C6H5-CO--CH2Cl 1083,0 658,0 555,0 384,0 262,0 211,03240,01299,0 926,0 652,0 446,0 
(LCt50 - 1089 ppm) 
Chloropicrin  
Cl3C-NO2 2911,01768,01492,01031,0 705,05698,08706,03491,02487,0 1752,0 1198,0 
(LCt50 - 2925 ppm) 
Sarin 
[(CH3)2CHO]CH3P
(O)F 17,1 10,4 8,8 6,1 4,1 3,3 51,1 20,5 14,6 10,3 7,0 

(LCt50 - 17,2 ppm) 
Lewisite 
ClCH=CH-AsCl2 138,0 84,1 71,0 49,1 33,6 27,0 414,0 166,0 118,0 83,3 57,0 
(LCt50 - 139 ppm) 
Mustard  
S(CH2-CH2Cl)2 226,0 137,0 116,0 79,9 54,7 44,0 675,0 271,0 193,0 136,0 93,0 
(LCt50 - 227 ppm) 
VX  
i-Pr2N-CH2CH2-S-
PO(CH3)-O-
CH2CH3  

3,1 1,9 1,6 1,1 0,8 0,6 9,4 3,8 2,7 1,9 1,3 

(LCt50 - 3,15 ppm) 
 
 From the perspective of population protection, these results and conclusions have the 
greatest importance, because they show realistically how fast and how much of toxic substance 
at a given wind speed could penetrate into the area, where the protected persons are located. 
The results for both types of windows showed the following: 
 
1) PP board - windows 
 Comparing the ideal sealed system ( in our case, PP board - "A" ) with windows 
without any modifications, it is clear that present leaks, especially of the old and damaged 
wooden window, significantly enhance the easiness of penetration of dangerous toxic 
substances. Only at very low pressures combined with high quality sealing it was achieved 
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either practically the same (plastic window - 5 Pa, foil, "H" - 9.5 hours , Table No. 10) or even 
longer time required to reach values LCt50 ( plastic window - 5 Pa, foil , "I" - 14.3 hours or 
plastic window - 5 Pa, without foil, "E" - 12.5 hours - Table No. 10) than it was in situation of 
the so-called "ideal case"(plastic window, 5 Pa, "A" - 10.2 hours). 
 At low pressures (wind speed) the penetration is likely not significantly influenced by 
the pressure (wind speed), but rather a way of sealing. At higher pressures and less perfectly 
sealed windows and windows with larger joints no such phenomenon does occur in such extent 
and on the contrary the reached period is longer than in the so-called " ideal system". 
 
2) wooden window x plastic window 
 The results shown in Tables No. 10-17 clearly show that old wooden window 
compared to new undamaged plastic window provide less protection, which stands for all 
pressures and concentrations. 
 
3) methods of sealing 
 One of the most important elements to increase the effective protection of IU is the 
selection of the appropriate method of joint sealing. From this perspective, it is very effective to 
seal with adhesive tape, especially from the outside, i.e. from the side where the dangerous 
harmful substance penetrates (Systems "D" and "E", or "H" and "I" respectively). Preferably, 
whenever it is possible, it is good to complete the outer sealing with bonding of the foil, which 
further increases the efficiency of the sealed systems ("F", "G", "H", "I" compared to "B", "C", 
"D", "E"). 
 
4) wind speed (pressure) 
 Wind speed represents one of the least modifiable factors of the IU founder. 
Nevertheless, as it is shown in Tables No 10-15, it is one of the most important factors affecting 
penetration and hence the residence time in the IU. In case of wooden window, the difference of 
45 Pa (wind speed 15 km/h) can reduce the residence time in the IU (until the value of LCt50 is 
reached) by five times (measured with the pressure growth from 5 to 50 Pa), and in case of 
plastic windows even ten times. 
 
5) the concentration of dangerous toxic substances 
 Another factor which can be not affected is the concentration of dangerous toxic 
substances (see Tables No. 16 and 17). In the case of plastic window a tenfold increase in the 
concentration from 100 ppm to 1000 ppm in the system "E " without foil resulted in more than 
tenfold shorter time to reach LCt50, in the case of film utilization - system "I" and the same 
increase in concentration it was only approximately 2.5 times shorter. Sealing of wooden 
window behave somewhat differently from the plastic one, 10-fold increase in concentration 
from 150 ppm to 1,500 ppm in the system "E" without film resulted only in 4 times reduction of 
the time required to achieve LCt50, in the system " I" with film tested again with rising 
concentration from 100 ppm to 1,000 ppm, was the shortening of achieving LCt50 similar, 
approximately 3.5-fold. 
 These results showed that the same increase in concentration of the dangerous toxic 
substance result in the reduction of the residence time in IU, which holds true for both - the 
plastic window and sealing system without the use of film. 
 
6) toxic substances 
 What the one using the IU can also not affect is the kind of dangerous chemical 
substance and its toxic properties. In the previous tables are the results for the six highly toxic, 
chemical warfare agents and for one substance used as a lacrimator - chloroacetophenone.  
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 From the results it is evident that IU will provide only limited protection in the case of 
highly toxic substances such as VX and sarin, ranging from minutes to hours, while in case of 
less toxic agents such as mustard gas and lewisite, the protection significantly grows from hours 
to hundreds of hours.  
 For toxic substances which LCt50 is about 1000 ppm and higher (phosgene, 
chloroacetophenone and chloropicrin), the utilization of IU with such sealed inlets will 
represent a protection that would be able to protect persons practically over several days to 
weeks. 
 
 

Résumé 
 The performed measurements showed the importance of sealing building openings, e.g. 
window, in place designed as improvised shelters. 
 Properly prepared and well-sealed openings hinged upon the weather conditions 
(especially wind velocity and temperature) and the type and concentration of toxic substance in 
the atmosphere provide protection to such an extent, that it is possible to eliminate as far as 
possible adverse effects of hazardous substances, thus reduce the likelihood of health hazard, or 
death of a sheltering person. At the same time they provide the time needed for a potential 
evacuation or departure from the affected area. 
  These measurements also indicate a possibility of sealing any space using the 
aforementioned process and what can be expected from the stated type of sealed space, thus 
what is the level of protection. 
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