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Summary

A simple model for the evaporation of chemical agents from sand has been constructed, based on

wind-tunnel experiments with diethylmalonate. The model is meant to be incorporated in the

CI-EMATT model for risk assessment.

Samenvatting

Een eenvoudig model is gemaakt voor de verdamping van strijdgassen van zand, gebaseerd op

windtunnelproeven met diethylmalonate. Het model zal ingevoerd worden in het CHEMAKT model

voor risico analyse.
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1INTRODUCTION

Equations to describe the evaporation from a (large) free liquid surface were published (ref. 3)

some time ago. These are relatively simple if only the rate of evaporation is considered. To model

the behaviour of drops on an absorbing surface proves to be more complex. A complete analytical

solution for drops does not seem to be available. Measurements of evaporating drops also seem to be

scarce. (ref. 1, 2, 3).

Recently data became available concerning the evaporation of diethylmalonate from sand. These
data offer an opportunity to construct and validate a relatively simple numerical model. At our

laboratory, a suite of programs is available (normally indicated as the CHEMATT model ) of

which one part can compute the evaporation from drops deposited on grass. This part is based on

Monaghan's work. When the evaporation from sand was computed with this program, without

alteration, evaporation was much too fast. This is not surprising, since Monaghan's model takes

into account that the wind can blow through the space between the grass blades.

In order to simulate the evaporation from sand it is therefore necessary to model the behaviour of a

drop especially for sand. In Monaghan's original report, the computation of the evaporation and

subsequent dispersion was done with a set of differential equations. Although this has theoretical
advantages, it seemed more practical in the CHEMATT model to treat the evaporation of the drops

as a separate step. The computed rate of evaporation as a function of time is then used as input for

the computation of the subsequent dispersion.
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2 OBJECTIVE

The objective of this study was to construct a relatively simple model to simulate the evaporation of

chemical warfare agents from sand. The method used can be applied to other data sets, if they are

organized in the same way.

3 DATA DESCRIPTION
/

The measurements were carried out according to a fractional factorial design, which means that an

attempt was made to establish the influence of some rarameters on the rate of evaporation with the

minimum number of tests. The investigated parameters were: windspeed, ambient temperature,

drop size, viscosity, wetness of the sand, diameter of sand, relative humidity. The disadvantage of

the fractional factorial design is that it assumes that the influences of the various parameters are

independent of each other. In practice, the values of the parameters were:

windcspeed :1.5 and 5.3 m/s (3 and 12 MPH)

drop diameter : 2 and 5 mm

temperature :16 and 38' C (60 and 100" F)

viscosity :100 and 1000 centipoise

sand :type A, B, C, D

wetness : wet and dry

rel.humidity : low and high (circa 25% and 60%)

Of the last two parameters, not all combinations were used

( A : -0.4 mm diameter

B : 1.0 mm

C : 2.6 mm

D : unsieved sand 0.4 - 2.6 mm diameter

D is treated the same as C in the mode.)

There are 32 tests in total (see ref. 4.)
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4 THE MODEL

After testing an initial and fairly arbitrary combination of Monaghan and Sutton it was attempted

to use only Sutton's formula and some influence of the molecular diffusion coefficient. First an

attempt was made to combine Sutton with an extra layer through which the molecules have to

travel purely by Brownian motion. The transport velocity through such a layer becomes D/L (D is

diffusion coefficient taken as 7.4E-5 m2/s and L is thickness of the layer). Comparison with the

experiments shows that a good fit is obtained if the layer is chosen as 2 times the maximum grain

size (see Table 1). This picture presupposes that the liquid gets back to the surface by the capillary

forces leaving only a thin layer to be crossed by the vapour.

In this model the liquid is astumed to have the form of a spherical qegment that keeps its form

when it gets smaller.

Also the experimental spread factor of 2.7 is used throughout.

Since neither of the previous simulations describe the very slow evaporation that often seems to

occur after the half-way point, a third approach was tried. In this case it is assumed that the drop

does not stay attached to the surface. Now a growing layer forms between the top of the sand and

the top of the drop. For the moment, a transport velocity is assumed equal to D/L, but multiplied

by the porosity to account for the fact that it is not an open layer. It still has to be looked into

whether this transport is close enough to reality. The results of these computations are remarkably

close to those of Table 1. Table 2 gives the three sets of answers in one table.
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Table I Measured and computed half-life in seconds

Nr Sutton + Layer Experiment Sand type

Computed

Si 20000 30000 A wet

S2 48000 66000 C dry

S3 65000 >100000 B wet

S4 120000 > 120000 D dry

S5 40000 24000 D wet

S6 20000 19000 B dry

S7 100000 85000 C wet

S8 30000 54000 A dry

S9 50000 45000 D wet

SIO 30000 45000 B dry

SI 130000 > 100000 C wet

S12 55000 90000 A dry

S13 12000 10800 A wet

S14 40000 43000 C dry

S15 46000 40000 B wet

S16 100000 >100000 D dry

SID 8000 12000 A wet

S2D 18000 >24000 C dry

S3D 27000 30000 B wet

S4D 45000 36000 D dry

S5D 14000 5400 D wet

S6D 7000 4200 B dry

S7D 35000 17000 C "Vet

S8D 11000 12000 A dry

S9D 17000 16000 D wet

S1OD 10000 10000 B dry

SI1D 43000 23000 C wet

S12D 20000 24000 A dry

S13D 4300 4500 A wet

S14D 14000 6000 C dry

S15D 16000 9000 B wet

SI6D 35000 15000 D dry
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Table 2 Comparison of computed and experimental values

Sutton+Monaghan = Modified Monaghan model

Sutton+layer = Sutton + molecular diffusion

Sutton+ 2 layers Sutton + molecular diffusion and drop detached from surface

Experiment Surton+Monaghan Surton+Layer Sutton + 2 Layers
Computed Computed Computed

30000 28000 20000 23000

66000 28000 41000 50000

>100000 60000 65000 77000

>120000 70000 120000 125000

24000 10000 40000 40000
19000 10000 20000 20000

85000 25000 100000 110000
54000 25000 30000 40000
45000 40000 50000 50000

45000 30000 30000 30000
>100000 90000 130000 140000

90000 85000 55000 60000
10800 10000 12000 14000
43000 10000 40000 40000

40000 30000 46000 58000
>100000 30000 100000 110000

12000 11000 8000 8000

>24000 11000 18000 18000

30000 32000 27000 30000

36000 32000 45000 50000

5400 4000 14000 15000

4200 4000 7000 7000
17000 10000 35000 38000

12000 10000 11000 14000

16000 10000 17000 18000
10000 10000 10000 11000

23000 25000 43000 47000

24000 25000 20000 22000
4500 4000 4300 4800

6000 4000 14000 15000
9000 10000 16000 21000

15000 10000 35000 38000
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It was found t.at this third approach cannot explain the very slow evaporation during the second

half of the process either.

In order to explain the second half, one has to assume that another process is at work. The most

obvious candidate for this is the diffusion or absorption of agent into the sand. Since we cannot

distinguish between different ways in which the agent could move through the sand, the process is

treated here as a transport of vapour into the sand with a transport velocity Vsink. This would lead

to the conclusion that one really needs something like Monaghan's absorption velocity. This would

then have to be considered as a process going on at the same time and in competition with the

evaporation into the atmosphere.

Another assumption could be that always a fixed percentage is absorbed in the sand. This would

probably fit well to at least half of the present data, but the approach with a Vsink is more flexible.

In Monaghan's work however, there are indications that a Vsink would be different for different

agents, which would require extra tests for other agents.

After these initial runs, the effort was concentrated on the following combination:

- Use Sutton's equation to account for the atmospheric transfer rate;

- Introduce a layer through which the vapour has to move by molecular diffusion and make this

layer dependent on the grain size of the sand;

. Introduce a Vsink to account for absorption of agent into the sand;

- Retain the feature of the shrinking drop of constant shape.

In the program, an effective sand diameter is introduced:

Diazeff = intercept + Facdiam*Diam + Facdry*Drypoint

Drypoint is a parameter that is equal to I for tests with dry sand and equal to 0 for tests with weý

sand. The three parameters, intercept, Facdiam, and Facdry are later determined by fitting the

model to the test data.

In the present program, the spread factor of 2.7 according to Cooper's report was used. It was further

assumed that the drop , after being sucked up by the sand, has the form of half a sphere, but

spherical segment of smaller height could also be used. This corresponds to assuming that the

volume of the pores is the fraction 'poriefac' with

"poriefac = 2 / SF 3
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The transfer rate through the thin top layer of the sand, through which the vapour has to pass by

molecular diffusion, il taken as:

Vsand = Difco * poriefac / Diazeff

Difco 7,4E-5 m 2Is (molecular diffusion coefficient)

(N.B. As mentioned above the atmospheric transfer rate is

Vsutton = 0.0027 * U O.78 * X0(- 0 ".1) )

The combined transfer rate :

Veff = Vsutton*Vsand / (Vsutton+Vsand)

The loss of material from the drop into the atmosphere is calculated in time steps dt:

loss = Veff*Satcon*PI*Diaz 2 *dt /4

The loss into the sand is calculated as

loss = Satcon*Vsink*PI*Diaz 2 /2 - dt

(the surface of a sphere is PI*D2 )

In the simulation, the loss or mass and the resulting smaller diameter are alternately calculated

until the drop disappears. Also the amount of material transferred to the atmosphere is subtracted

from the total amount giving the fraction remaining at every time step.
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5 RESULT OF THE FIT

The resulting model data are compared with the experimental data for a limited number of points

per test (6 - 7 points per test). The differences are squared and accumulated for the points and also

for all 32 tests.

In order to find the best values for the parameters, a searching program was employed that can

repeat the whole computation for different values of the critical parameters. Using this technique, a

value for Vsink was found of 0.0003 m/s (relative to vapour), and for the layer mentioned above,

the result was:

diazeff 0.54 + 0.41 * Diaz + 0.58 * Drypoint

where Drypoint = 0 for wet sand and Drypoint = I for dry sand.

For the time being this seems to be the best obtainable fit. It has also been tested whether there was

any influence of the relative humidity, but no improvement in the model fit was found by taking

this into account. Figures have been made of the 32 measured evaporation curves and tttir model

fit. Although for most tests, experiments and model fit quite well, there 2re a few notable exceptions

that cannot be explained at the moment.

The fit gives about 7% as the overall accuracy. Since all curves start at a value of 1, this value

should be doubled to 14% to give a realistic impression of the accuracy,

it computer program has been written that implements the model and fit as described in this report.
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6 RETENTION OF AGENT IN SAND

The amount of agent that seems to remain in the sand when the rate of evaponrnon has dropped to

zero is an interesting figure in its own right. Although this amou1;t oft-, " nts s'gni:;.antly above

zero, there are indications that this may be an artifact of the testv in -!oany ca-:s t'.: rests were

stopped long before the rate of evaporation was zero.

If, however, this amount is roughly estimated from the graphs then ,.-Lerc Le-, s to be some

retention in the sand at a time when an observer may think that most agent '.' -. peared.

This can be studied making use of che fractional factorial design. Statistical an.'~is yields:

diameter no influence

viscosity no influence

temperature influence 16 C -- > 36% retention (average)

38 C -> 20% retention

sand diameter influence 0.4 mm -- 22% retention

1.0 mm-' 23%

2.6 mm -> 34%

wemess : no influence

windspeed : no significant influence

7 CONCLUSION

By combining the rate of evaporation from a free liquid surface (Sutton) with an extra layer

through which the vapour must pass by molecular diffusion, and with a Vsink to account for the

absorption of agent into the sand, an accurate description of the present evaporation trials can be

given. There are aspects to this problem however that may require more tests, notably the expected

dependence of Vsink on the agent. It is expected that other substrates will lead mainly to different

absorption rates, but that the initial rate of evaporation may not differ significantly. Since the initial

rate of evaporation determines the immediate hazard, the present sand data are probably also

representative for the hazard on many other substrates.

U
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(All 32 graphs)



TNO-i'eport

ANNEX I

PML134489324 hPa
2

j0.8 - -. PWflfl

0.6

0.4

0 1000 2CO0 3000 4000
ohme tWw (Mm)

T~g:S¶C W~ndsped-1.Snvs Enw-5.S5
Obop Cam -2 mm sat.vap -1.5 Qfmi3

Sand: A-WET Visic W cp TwM OD F

I

J0.8 prY

0.6

0.4

0.2

0 I I IJ

0 500 1000 1500 2000 2500

TeslS2C W~ndspeed-15rnvs Ermrvr.58
0Dvp Dam.- 2mm Saltvap - 15 im 3

Sand1 C*DfRY Visc-lO0cp Teowv.60F



/

TNO-report

AN'NEX t

PM.L134489324 Pag

3

1 • '"1 ! I I . . . ... I' t " t "

'• 08 "'" -- model

0.8 exe¾fv

0.6

0.4

0.2 :

0 kI ! t I I I

0 1000 2000 3000 4000

elapsed time (min)

Test: S3C Wndspeed - 1.7 nvS Error - 19.0
Dpop Eiam.. 5 mm Sal.Vap. 1.5 g/m3

Sarnd:9-WET Visc.lOOcp Temp.60F

-model10.8 - .experiment

0.6

0.4

0.2

0 2000 4000 6M0
elapsed time* (-if )

Test: S4C Windspeed1.l6 tvs Error 1.176
Drop Diam. 5mm Sat Vap -1.15g/m 3

Sand00-DRY Visc4-l100 Temp 60 F



ThO-teport

ANNEX I
PLI 34489324 NPa

4

10. -

02

0 400 SD0 12DO 1600

T"S8C Windapeod -5.3 nis Effo - 13.6
mp Clam 2nwmm Sat.Vap .1.6 g/m3

SaOd:&OFY Vtw-lO0cp Tomp.60P

0.2

0.

0 400 800 1200 1600

oiapsed l1ms (min)

Tesl:SSC Wlndspeed.s.3nvs Effo'-986
DFPDiap0Iarn2mm SaltVap l15 g/m 3

SaMd.O-WET ViSC - 100cp Temp -60 F



//

TNO-rp

ANNEX I

PML134489324 Par
S!

1* 0

0.6

0.4

0.2

02

0 ,, , l, t I I '

0 1000 2000 3000 4000
eltpsem (min)

Teog: SC Windspeed 5.3 Wis Errm' - 1.89
t)p 0oarm S mm Sat.Vap, 1. gnm3

Said:C-WET VlsclOOcp Te'p,-60F

j0.8 oxp... im

0.6

0.4

0.2

0 -. . I I I,, , t . ..

0 1000 2000 3000
elapsed time (main)

Tesl:S8C WOndspeed-5.3m1s Error4.07
Dop Diam.. mm Sal.vap - 1.5 tm3

Sand: A-DRY Vl.c 00 cp Temp 60 F



ThO-report

ANNEXI

PML134499324 P28C
6

0.6

0.4

0.2

0
0 1000 2000 3000

T*9:S9C Wridspod 1.2 m/s Ervo . 3.87
Drop am .2 mm Sal.vap 1.l goo
Swid:D-WET VISC-1000CP Tefrp-60F

0.8 - .expewimert

0.6

0.4

0.2

0 1tI
0 S00 1000 1500 2000 2500

elapsed lime (min)

Test S10C Wlndspeed - 1 5nvs Error -4.28

DOmp Dam. - 2 mmv Sal.Vap.- 1 5 gim3

Sand B-DRY vit~c 1lOO cp Tenip - 60F



TNO-report

ANNEX I
Pare

PML134489324 7

-1 - mode

0.6

0.4

0.2

00 2000 4000 6000
elaped taw (min)

Toot:SWIC Wrfldpeed-.1iffVs Enwo-5-32
Ow~p IlaMf. -5 mmn Sai'Vap . I'5 gun3

Sand:C-WET Vi$C.IOOOCP TeuM.60F

0.8-- expsffenmet

0.6

0.4

0.2

0
a So0 1000 1500 2000 2500

04apsad lime (min)

Test: S12C Wlndspeed - 5 nvs Error -2.99

Drop Oiam. - 5 mm Sal.Vap .1.5 gum.3

Sad: A.0RY Vise - 1000cp Temp 60 F



TNQ-report

ANNEX I

PMLI 340I9324 Par

0o.8 ezpefinsr

0.6

0.4

0.2

0 00 800 1200
-WS *In (min)

TOS¶3C Wlndsped- 5.3 rrvs Ermt- 13.0
OPOlmpa. -2nvim Sal-Vap. - .5g/mn3

UMn: A-WET Visc 1000 cp Two 00OF

0.6

0.2

0
0 400 800 1200 1600

o aud kmw (min)

T~*,:Si4r W"ndsPWs-5.3ffVs E-rrof.435
0Dap iam. -2 mm Sat-Vap -1 lrg/m3

St.ndC-DRY Visc-lOO0cp Temp..60F



TNO-report

PML134489324 Page
9

. . . ... .. .. I I . . . I "

-model

0 .8 . . . .. e x p e "

0.6

0.4

0.2

0
0 1000 2O00 3000

TesI:S15C Wlndspeed-5.3rms Error-11.2
Omp aran. .5mm SaIVap . 1.5 gIm3

Sand:9-WET VisC-O000cp Tomp.60F

I f i I

BOAu oxperimewit

0.6

0.4

0.2

0 1000 2000 3000 4000

elapsed lime (min)

Test :S6C Windspeed - 5.3 rvs Error 13.8
Drop Dam.. 5 mm SatVap - 1.5 g/m3

Sand: D-ORY Visc - 1000 cp Temp 60 F



TNO-report

ANNEX I
PMiLI 34499324Pa

10

0.8 - - oStTwitf

0.8

0.2

0 100 2D0 300 400
-iea ts (min)

Tssl:S1O Wlnkpesd-l~rnfs Erram-15,6
OpDrpaion. -2n mm Sat Vap 7.75 gnm3

Sand.A-WET Visc-100cp Tevrp-IOOF

0.6

...........

0.4

0 100 200 300 400 Soo

s4apsed tme (min)

Test: S20 Windspeed m l6rws Error - 12 3
Dup Diam. -Znm Sal.Vap -7 5gWm3

Sand:C-DRY Visc-1Q0cp Temp -1O00P



TN06reiport

ANNEX I
PML1 34489324 Pare

. . - model

0o.e - eipedmsW

0.6

0.4

0.2

0
0 400 800 1200

obpwd *m (min)

Tod: S30 Wlndipeed- 1.1n~ Wi rmror7.39
COmp CDim. - 5 mm Sat. yap - 7.5 g/nt.1
Sand:B-WET visc-io~cp Terrp.IOOF

'0A

0.2

02

0 400 800 1200 1600 2000
elapsed Urns (min)

Test:S40 WindsPeed 1.1 nVs Eror-.216
Crvp Ov". . 5 mm Sat.Vap . 7.5 gfrn3

Sard:D-ORY Visc-100cp TeaV.100F



TNO-report

ANNE.X I

PMI.. 34489324 Pap
t2

1 t . . . ...i ... . I I

0.8 --.. . 'xpm

0.6

0.4

0.2

0 1 I I I I I

0 100 200 300 400

- hpsned (min)

Test: S50 Windspea 5.3 nVs EmN - 4.29
Drop Oiam. 2 mm Sat.Vap . 7.!Sgm 3

Sand :D-WET Visc.100cp Terp.100I F

"1 I' ' ' i" I I ' ' I

10.6

0.4

0.2 -

0I l I I

0 100 200 300

elapsed time (min)

Test: SOO Wndspeed. 53 nvs Error- 787
Omp Diam. - 2 mm Sal.Vap- 7 5 g/m 3

Sad:-RY Visc100cp Term - 100 F

U U



TNO-repoft

ANNIEX I

PML134489324 Page
13

-model

0.8 -xperkneii

0.6

7
0.4

0.2

0 I I I ,I, ,I,

0 200 400 600 800
elapsed time (mrin)

Ted: S70 Windspeed - 5.3 nvs Errorm .999
Drop Olam.. 5 mm Sat.Vap - 7.5 g/m3

Sand:C-WET Visc.-OOcp Temrp-100F

1' I 1 I I I I I .. . . ... I . .

0.8 -- - - model
08 experimet

0.6

0.4

0.2 -

0 I t I I I I
0 200 400 600 800

elapsed time (min)

Test: S8D Wndspeed = 5.3 mvs Error - 2.50
Drop Diam. = 5 mm Sat.Vap = 7.5 g/m

3

Sand :A-DRY Visc= 100 cp Temp = 100 F



TNO-report

ANN" I

PMALI34489324 Par
j4

-model

0o-8 -- expeomiers

10.6

0.4

0.2

0 100 2D0 300 400
ebpsod Wms (min)

Tedt:$90 Wlndsp*Wd- 1.4nrvs Effrvoe13.0
Omp Clan. - 2 mmh~ Sa. ap - 7.5 g/m,3

Sard:D.WET Visc.lOO0cp Tenqp-10OF

S0.8 - .expermretlt

0.6

0.4

0.2

0 I I I I 1 - 1

0 100 200 300 400
etapsed time (min)

Test: S100 Windspeed - 1. rm/s Error - 128
Drop Clam. - 2 rrwn SaI.Vap - 7.5 gtm3

Sand B-ORY Visc - 1000 cp Temop. WO F



TNO-report

ANNEX I

PML134499324 Page
15

I

model

S0.8 9 1pfmr

0.6

0.4

0.2

0 400 So0 1200

-bee time (min)

Teut:S1IO Wlndspeed-I.SnVs Error-2.79
Onop Diuai. - 5 umm Sal.Vap . 7.5 gyM~3

Sand:C-WET Visc-lOO0cp TerTp-10OF

0.4

0.2

0
0 200 400 600 S00 1000

eilapsed time (min)

Tesl:S120 Windspeed - 15 m/s Error - I 2
Drop Diam. -S mm Sat. Vap. 7.5 gm 3

Sand: A-DRY Visc - 1000cp Temrp - 10F



TNO-report

ANNEX I

PML134489324 Pap
16

Sl ...I I. .. I " I 'I I.. .

10.8 - ex-rkN

0.6

0.4

0.
0 | | |

0 100 200 300 400

ebswd WM~ (min)

Test: S130 Wlndspeod 4.9 mis Error- 8.06
Orop Clam. 2 mm Sat.Vap. 7.5 g 3

Sand:A-WET Visc.1000Qcp Tefp-IO0F

0.8expelwimr

0.6

0.4

0.2 '

0 I I t -
0 100 200 300 400

eLapsed lime (min)

Test: S140 Wrndspeed .5.3 mvs Error - 542
Drop Diam.- 2 mm Sat.Vap. 7 5 grn 3

Sae: C-DRY Visc - 1000 cp Terrp . 100 F



TNO-report

ANNEXI
PML1 34489324 NPa

17

g model

'0.8 -- experkmen

0.6

0.4

0.2

0
0 2D0 400 600

elhpsed firme (min)

T"s:SlSD Wlfldspeed.5.2rris Effor-5.20
Drop Olam. - 5 mmn Sat. yap - 7.S W/m3

Sand:B-WET Vlscu-1OO0p Terrp-i00F

model

0.8-- expeimeti

0.4

0.2

o 0
0 200 400 600 Bo0

elaped time (min)

Test:S160 Wiridspeed.S .3 rTVs Error *7.a3

OroOP am. -S5 m Saf.Vap- .75gim3

Sand: D-DRV Visc 1000cp Ternp 100 F



TNO-repon

ANNEX 2
PML134489324 PaNB

ANNEX 2 EVAPORATION FROM CONCRETE

Data are also available on the evaporation from concrete. The experiments were done in the same

way as for sand (in fact the concrete test were done earlier), i.e. as a fractional factorial design of 32

tests. There were two levels for the following variables:

- Agents DEM and MES (Diethylmalonate and MethylSalicylate);

- Temp :60 and 100" F;

- Viscosity :100 and 1000 centipoise;

. Wind speed :4 and 12 MPH (circa 1.7 and 5.3 m/s);

- Diameter 2 and 5 mm drops were used.

There were four degrees of wetness of the concrete:

- typeD dry;

- type I : initially wet;

- type N : wet but no constant water table;

- type C : wet and constant water table.

There are some general trends recognizable in the influence of the parameters (see report by

J. Jensen, Jaycor). In short, he found that for the initial rate of evaporation, which is probably the

part that interests uw most, the following influences could be computed:

Drop size : rate 2 mm/ rate 5 mm = 1.57

This is less than expected. The ratio is not influenced by windspeed, agent or

temperature.

Slight influence of viscosity

Agent : DEM/MES = 1.83

No influence of Drop size, viscosity

Some influence of windspeed, temperature
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Temperature : rate 100"F/rate 60"F 2.56

This is lower than expected, which indicates cooling of the concrete especially when

wet.

No influence : windspeed, drop size, viscosity

Influence: Agent, wetness of concrete

Wind speed : rate 12 mph/rate 4 mph = 2.16

About as expected ( U0 7 )

No influence: Drop size, temperature, agent, viscosity

Influence : wetness??

Viscosity : lOOcp/lOOOcp = 1.71

No influence of windspeed, agent, Drop size, temperature

Influence:?/

The relative humidity seems to have no clear influence on the evaporation.

Most of these influences are handled in a straightforward way by a relatively simple model, except

viscosity, which could work through the spread factor. There was, however, no experimental

evidence of this.

Retention in concrete

The same methods as for sand were applied to the data for concrete. According to the stepwise

multiple regression, none of the parameters gave a significant regression coefficient.

The analysis of variance indicates that there is a slight influence of drop diameter and windspeed,

but the influence has a lower significance than is normally used.

Drop diameter influence:

2 mm--> 24% retention (st. dev. 3%)

5 mm -> 16.5% retention (st. dev. 3%/)
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Windspeed influence:

1.8 m/s -> 16.7% retention (st. dev. 2.6%0)

5.3 m/s -- > 24.3% retention (st. dev. 3.3%0)

Viscosity, temperature, wetness, agent-type and relative humidity seem to have no significant

influence at all
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ANNEX 3 MODEL FOR EVAPORATION FROM CONCRETE

After some trial and error the following model description was used: the drops start as a cylinder

with a diameter of 5 times (= spread factor) the original diameter. The diameter stays constant for a

time deduced from Monaghan's formula:

Tconstant = CD/(5.5*Cs'(VI+V0))

where

CD = contamination density = liquid loading;

Cs = saturated vapour concentration;

VI = transfer rate for vapour from the top;

VO = transfer rate into the bottom (Vsink).

After the constant period the drop shrinks, but keeps the same shape. As already suggested by the

above formula, part of the vapour is transferred to the atmosphere (Vsutton), and part is transferred

to the concrete (Vsink).

(Vsurton = 0.0027*U 0 7 8  (see ref. 6.))

After the whole mass of the drop has disappeared, vapour very slowly evaporates from the concrete.

During the last phase, the vapour has to travel through a layer of concrete that at first is zero, but

slowly grows as time goes by. This further slows down the last phase. It is assumed that this process

starts right from the beginning. At first it has little influence because the initial rate of evaporation

is much faster, but it helps to build up a value for the layer of concrete through which the vapour

has to go in the last stage.

By fitting the model to the data, using the method of Powell, the following parameters were

determined:

CORRFACUL 0.67 : correction on Sutton's constant 0.0027;

CORRFACS 0.706 : correction for cooling of the concrete;

FACV 2.25E-5 : correction for the porosity of the concrete

transfer rate = FACV*DIFCO (DIFCO=0.000074 m2/sec);

FACT = 1.5 :correction to Tconstant acc. to Monaghan;

Vsink = 0.00155 m/s.



TNO-report

ANNEX 3
PML134489324 Page

2

In Sutton's equation, a power of 0.7 gives a slightly better fit than 0.78. The reason for this is not

quite clear, but Sutton's value was determined for a different kind of surface (grass), which can

easily influence the transfer rate.

When the model is compared with the data, it is clear that the fit for concrete is much worse than

for sand.

For the fit presented here, especially tests 3, 5, 11, 15, 19, 21, 26, and 31 deviate strongly from the

model. It seems, however, impossible to relate the deviation to the different parameters because the

deviations are not supported by other tests with the same parameters. From the "bad" cases, 5 are of

type I, 2 are D and I is N. This suggests that perhaps the degree of wetness is the parameter that

causes the deviations, because "Initially wet" is probably not a very well-defined condition. Two

cases of D (for dry) could mean that for dry concrete differences in porosity may show up more

than for wet concrete. It seems clear from the comparison of the model with the data,.that there are

inconsistencies in the data.

The accuracy indicated by the fit is 9.9 % without the 8 bad tests and 13.6 % including those 8. In

order to obtain a realistic impression of the accuracy one should multiply this figure by 2 since all

the curves start at the point 0,1 and therefore the error at the start is always zero.
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