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SECTION I

INTRODUCTION

1, 1Increased AF usa of hydrazina propallants and more stzingent
Occupational safety and Health Administration (OSBHA) and Envircnmental
Protection Agenay (EPA) ragulations have greatly increased the naad

to pradict concentrations of polluting chemicals discharged into the
onvironment. In January 1976 the AF Space and Mimssile Systems Organira-
tion (SAMSO) identified Technology Need (TN-SAMSO~CEEDO-2109+76-48)
that addrzessed this issus. The TN specifically stated that "The fate
of the hydraxine fuels entering the environment is insufficiently
characterized" (Referance 1), Pradiction teshniquen available at missile
nites prior te this study were not casily adaptable hecause thay re-
quired temporature differunce input data not commonly available and
bacause photochomical reactione and atmospharic decomposition were

not considered.

2, Hydragine propslliants are usad in a variety of systems, auch as
space launch vehicvles, strategic missiles and satellites and the F=16
Emergency Power Unit. The envirormental impact of hasardous chemicals
vented into tha atmosphere or acocidontally spilled during loading and
nff-loadiny opexrations can ba more quickly elucidated through use of
computerised ovaporation and dispersion analysis techniques. These
predictive techniques are orucial to asmessing the hasard hydraaines may
pose to man.

3. The objeutive of thix tochnical report is to present a technigue

for computing evaporation rates from acuidental spills and to illustrate
how a simple physical dispsrsion model can be used to make air quality
predictions downwind from the spill, fThis report assumes the evaporation
from a non=porous, non-absorbing, flat surface and does not address atmos~
pheric chemical reactions of the evaporating propellant. 1In addition, the
evaporation model partains stxictly to pure missile propellants and cannot
be applied straight forwardly to mixtures, wuch as used in TITAN missiles
and the P-16 airoraft. The model is currently being modified to handle
propallant mixtures.

The vomputation of aevaporation rates and downwind concentrations
are important since they have a major beariny on the sime of the hasard
corridor that must be svacuated to protect the populace from the aspill.
Example hagard corridor computations for drum, trailer and railoar pro-
pallant spills are iLllustzated in Bection 1V,

4. A number of dispersion models wure reviewed to determine which was
most applicable to the propellant problem. They includs the box model
commonly used for urban area sources, the Gaussian plume model widely
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usad for continuous elevated and ground sources, the Gaussian puff

model used for instantanecus explosive sources and the ampirical tempera-
ture difference model used at the Kennedy Space Center and Vandenberg
AFB, California for mafety prediction at missile-test ranges. The con-
vantional Gaussian model was sealected for this report, The rationale
for this selection ias pressented in Section IV, which almo includes dis-
cusslon of the calculation technigque for determining downwind, ground~
levael concentrations and the hazard corridor to be evaouated,
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SECTION II

DISCUSSION OF SOURCES

Discharge of the three hydrazine miasile fusls, anhydrous hydrazine
(NgHg), unsymmetrical dimethylhydrazine (UDMH) and monomethylhydrarine
(MMH) , into the environment can occur at Air Force fuel storage and
transfer facilitiaes, TITAN II strateglc missile mites or the TITAN III
space launch vehicle cperational areas at the Eastern and Western Test
Ranges. In addition, hydrazine and monomethylhydramine spills are a
potential problem with future space transportation systems, alroraft
auxiliary power systemo and starter cartridges that utilize hydrasine
propellants. About 2.4 million kilograms (5.2 million pounds) of
propellants are moved over 320,000 km (200,000 miles) annually
(Referenca 2). In addition, large quantities are stored at facilities
such as Rocky Mountain Arsenal, Edwards AFB and Asrcjet General Coxp,
CA. Small quantities are also stored at user bases all over the oountry.
Shipments are mads in trailers, railoaxs and drums. The quantities
of chemicals and the varicus shipping containers are listed in Table 1
(Reference 2).

It is eptimated that 0.6 million kg of NzH4, 0.23 millien kg of MMH
and 0.64 million kg of UDMH are moved annually within the United States
(Rafurence 2). The potential for a spill during movement of propellant
from the manufacturer to the smtorage facility and finally to the user
therefores exists.

TABLE 1. PROPELLANT SHIPPING CONTAINERS AND QUANTITIESY

Liters
Propellant Traller Rall Caxr Drum
N2H4 18000 22,000 200
MMH 21000 36,000 190
UDMH 21000 36,000 - 180
*Reference 2
3
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SECTION 117

PROPELLANT EVAPORATION

1. Computational Procedure
To utilize atmospheric dimpersion and chemical rate equations
for the calculation of pollutant concentrations in the air, the amount
of pollutant released into the atmosphere per unit time must first be
quantified. The evaporation rate of a propellant accidentally spilled
ig a function of ambient air temperature, wind spaed, sclar radiatioen,
dimensions of the propellant apill and its volatility and diffuaion
characteristica (Reforence 3). In this analysis, three assumptions
are made concerning the evaporation rate:
a. The spill procvess is adiabatic and chemically stable,

b, The propellant is spilled as a liquid without atomiza-
tion.

¢. Evaporation oecurs at a steady-state pool temperature,
The evaporation rate wes computed by the mothod of Mackay (Refer-
ence 3) and is a function of concentration driving force, as determined
from vapor pressure; mass tranefer rate, as determined by wind generated
turbulence; and diffusive properties of the air-liquid interface. The

mathodology assumes evaporation of a purs ligquid and ideal gas behavior
of the film.

The rate of svaporation 0f a liguid pool can be described by the
following aquation:

where
Qy = Tmass tranafer rate of propellant into the air, kg/hour.
ky = mass transfer coefficient, m/hr.
Py = vapor pressura of propellant, kra.
Tp = equllibrium peol temparature, °K.
R » univarsal gas congtant, 8,314 kPn'ma/kg-mule-°K.
MW = mulecular waeight of propellants

A_ = Area of spill, m2,




A gy

The mass transfer cocfficient (k ) is a function of the mean wind
speed (U), a constant (n) related to ground roughness and the tempera-
ture profile of the atmosphere, and finally the Schmidt number defined
in Appendix C (Reference 3). Although wind speed can be .:asily measured
and the roughness factor assumed for average atmospheric condictions, the
Schmidt number must be specifically computed for the propellant-air system
at the equilibrium pool temperature,

The pool temperature (Tp) is determined from the steady state energy
balance equacion:

Qg * O * Qg + Qy = Qp *+ Hy {2)
whuro

Q™ the convective heat transfer from the ground and pool, J/hr

Qu = the convective heat transfer from the atmosphere, J/hr

Q™ solar insolation, J/hr

Qp = radiative heat transfer from the atmosphere, J/hr

Q™ radiative heat emission from the pool of liquid, J/hr

H, = hwat loss from the pool due to evaporative vooling, J/hr

The basic assumption regarding evapcration is that the liquid pool tempera-~
ture is in a quasi steady-state, The calculated pool temparature is
defined as that eguilibrium temperature which results in a zero energy
aexchange betwsen the pool and the environment. The pool temperature

that satisfies the energy balance must ba computed by trial and error.

As a starting point for the computations, the liquid pool tempara-
ture is assumed equal to the air temperature. Based upon this asswnption,
the air-propellant vapor f£ilm, the liquid propellant properties and the
mass transfer rate coefficient are calculated, The Newton~Raphson itera-
tive method is used to calculats the specific pool temperature which
satisfies the energy balance. Iterative computations continue until the
change in successive pcol temperatures is less than 0,001°C. The pool
temperature will rarely be equal to the air temperature due to radiative
heat transfer and evaporative cooling. Mackay states that "Clearly, it
is inacourate to assume that the pool temparature will equal the air
temperature" (Referenca 3).

The pool temperature computed by the Newton-Raphson method is then
compared to the originally assumed pocl temperature upon which the vapor
and 1iquid pool properties and mauss transfer rate cvoefficient were cal-

B o i, o — —




culated., If the difference is greater than 0.1°C a fractionally modified
temperature is calculated in a second iteration set and new vapor and
liquid propellant properties and a new new mass transfer rate coefficient
are calculated. These are then used for another solution to the equili-
brium pool temperature. The procedure is continued until successive
values diffar by less than 0,19C (See the computer flow chart in
Appendix B). A detailed description of the pool temperature and evapora-
ticn rate equations is presented in Appendix A.

2. Evaporation Rates

' Figures 1 through 3 illustrate NyH4, MMH and UDMH evaporation rates
for typical traller, rallcar or dyum transportation conditions. Dashed
lines spacify rates used to illustrate sample dispersion problems in
Section IV. Evaporation rates were calculated for three ambient air tem-
peratures using the computer program described in Appendices A and B with
the following assumptions;

8. The around temperature is egual to the ambient air temperature.
b. Wind spoed is assumad constant.

¢, The daily maximum solar insolation (R,) rates used aze 2.5(10%)
J/m?.hr for a 0°C clear winter day, 3.1(108) J,mz-hr for a 15°C clear
spring day, 3.8(108) J/m2.hr for a 30°C clear summer day.

d, The depth of spill is assumed constant at 2.5 om.
3. Senaitivity Analysis of Evaporation Input Data

Nine input parameters were selectively varied to assess their effects
on the propellant evaporation rate. Table 2 summarizes the parameters
and prasents a qualitative evaluation of their effect on the propellant
evaporation rate. The model is most sensitive to spill area, ground
temperature, ground roughness and propellant type., Solar insolation,
wind speed and alr temperature represent medium sensitive parameters as
does ground temperature when it ie below tha pool temperature and heat
transfer by conduction occurs. When solar insolation is below
0.8 MJ/m2+hr, typical of times one to two hours after sunrise and one to
two hours before sunset, evaporation is insensitive to insolation., Vari-
ations in pool depth and atmospheric emissivity cause no significant
change in the evaporation rate,

Sensitivy analyses indicats that an error in spill area results in a
proportional error in the evaporation vate, Since irregular spill areas
may be difficult to measure, assessment of this parameter may result in
the largest error to the evaporation rate, A l10°C error in the ground
temperature (Tg) results in a 24 percent arror in the evaporation rate
when Tg is below the pool temperature, When Tg exceeds the poo)
temperature, 10°C exror in Tqresults in a 55 percent error in the evapor-
ation rate. A variation of the roughness factor (n is assumed 0.25 for
turbulent atmospheric conditions, AT = -4,18°C/1000 feet) hetween i1 and
0.5 results in evaporation rates between 1220 and 140 kg/hour,
respsctivaly. Observed valuss of n have ranged from 0,04 <n<0,93.
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Figure 1. Hydrazine Propellant Bvaporation Rates as a Function

of Ambient Air Temperature and 8pill Volume.
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Analysesg indicate that evaporation rates can be an ordser of
magnitude dlffaraent from those obtained using the same evaporation
model without heat gain and losses to the evaporating pool. For
éxample, a hydrazine spill covering an area of 745 m# evaporates at
615 kg/hr, rather than 170 kg/hr, whan heat load input data are con-
sidered. This example was calculated for a windspeed of 2.6 m/»,

T, = T, = 17.8°C and R, = 3.8 MJ/m?.hr. In general, one may state
tﬁnt tﬁ. evaporation rates of UDMH and MMH, for similar meteoroclogi-
cal and spill conditions, are eleven and three times that of
hydraeine, respactively. The detailed smensitivity analysis is pre-
sented in Appendix C,

Comparison of predicted and observed avaporation rates show
good agresment for initial (first hour average) svaporation rates.
Experiments were conducted in fume exhaust hoods under controlled
air flows and room temperatures and outdoors, during both c¢loudy
and sunny days. Results indicate that the model fails to predict an
observed decrease in evaporation rate with time. The discrepancy
appears to be due to the absorption of andreaction with atmospheric
oarbon dioxide and water vapor (Reference 4)

10
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TABLE 2, QUALITATIVE SENSITIVITY EVALUATION OF
LEVAPORATION RATE TO INPUT VARIABLES

lnput Variables Sensitivity
‘ Symbol Nam High Medium Low
Kp* Propellant Type +
TG Ground Temparature + +
Ap Area of Spill +
Ry Solar Ingolation + +
b Wind speed +
L Bpill Depth *
Ta Air Temparature . +
n Ground Roughness +
Factor
L Emimsivity of the +
Atmosphere

o '”“1,2,3'1-N2H4,2-MMH,3-UDMH

O T S




SECTION IV

ATMOSPHERIC DISPERSION MODEL

l. Computatlonal rrocadure

A simple, point scurce Gaussian plume model was selected to describe
the dispersion of propallant vapors released into the atmosphere. A com-
parison of Gaussian models, Non-Gaussian models, including the tempera-
ture-difference model used for safety prediction at APF missile sites,
box models and the gradient tranaport models have shown the Gaussian
caloulation technique to bs the method of cholce for generalired
usage, Experimental diffusion studies by Cramer, Haugen, Pasquill and
others have confirmed the virtues of the Gaussian distribution function
and have concluded that "the Gaussian plume formula should have a wide
area of practical applicability in the atmosphara' (Referance 5).

The Environmental Protection Agency (EPA) has concluded that
"Gaussian models ars genaerally state-of-the-art technigques for estimate
ing the impact of non-resctive pollutants; (Reference 6), Furthermore,
Gaussian models represent the best choice for most point mource avalua-
tions and have bean found to provide reasonable concentration estimates
(acouracy by a factor of 2) in flat or gantly rolling terzain (Refer-
ence 6). Although Gaussian models have besen praised in terms of
simpliocity, flexibility and good correlations betwesn predicted and
measursd downwind concentration values, thay are subject to the follow-
ing assumptions and limitations:

4, The teryain in the region of interest is aither flat or
gently rolling,

b. No topographic obstructions ocour in the vicinity of
the source.

a. The wind speed direction and other metecrological oon-
ditions remain uniform and constant with height.

d. Aercdynamic downwash does not ocour.

The following equation is usad to calculate ground level concen-
trations for a point mouxce, continuous release emimsion into the

atmosphere:

P T
Cixy) ™ 107 4y oxp = [L/ v\ (3)
W 3600 w0, 0, T 2 {9,

12
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whara

= cgoncentration at couvrdinates x, y, mq/m3

€ (xy)

QM = mass transfer rate of preopellant into the air, kg/hr
D = average surface wind speed, m/sec

g, 0 w» gtandard daviation of the concentration distribution

along the y (crosawind) and 2 (vertical axes).
* \

X, ¥, ¢ = orthogonal cocordinate system in which the origin is
at ground level and X is in the downwind direcgtion,

3600 conversinon factor for time

This equation ia applicabls for ground level sources, such as a spill,
with no sffective plume rise,

The constants usoed to calculate the sigma y and aigma &
coafficlants are illustrated in Tables 3 and 4 for various stability
categories and downwind distances, Thase coefficients are currently used
in various EPA models (Reference 6) and are consistent with Turner's
Workbook. (Refsronce 6).

Equation 3 is applicable during conditions when the plume is un-
rostricted in its vertical oxpansion. During inversions, the vertical
expansion of the plume is restricted whan it reaches the lower base of
a stable air mass. This type of inversion occurs most frequently during
the latu night and oarly morning hourm, The vertical concentration pro-
file bacomes uniform and is represented by the following equation (Ref-
erence 7)1

6
c . oxp- 1 /¥y ? (4)
{xc) Tl7
3600 421t 0, Hy 0 y

where H_ w height from ground level to the base of the stable layer in
moters

A reasonable assumption is that the vertical concentration profile begins
to be affected by the 1id at that distance (Xp) downwind from the source
whers concentration at the stable layer boundazxy is one tenth of the
plume centerline concentration. X; is that downwind distance from the
source whore oy oquals Hy/2.13. It can be easlly determined by using
Pigure 4 and noting the gownwind distance where c‘ eguals HN/2.13 (Ref-
erence 7)., At 2Xy and greater ohe can assums the vartical cvongentra-
tion gradient to go uniform and aquation 4 o be applicable,
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TABLE 3. CONSTANTS USED TO CALCULATE dy Iis EPA DEVELOPED

DISPERSION PROGRAMS (REFERENCE €)

o, = 2000 x 8in @ » 465.12 x tan ©
2.15 cos @

x = downwind distance in kilometers

Stability Value of ©
(Catagories*) (degrees)
A 24,167-2,5334 1oq.x
B 18.333-1,8096 log x
c 12.5=-1,0857 1oq.x
D 8,333~,72382 loq.x
E 6.25-,54287 loq.x
r 4.1667-,36191 loggx

*5tability Categories are based on data in Turner's Workbook of
Atmospheric Dispersion Estimates (Reference 7).
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TABLE 4, CONSTANTS USED TO CALCULATE Og IN EpA DEVELOPED PROGRAMS

Stability
(Categories*)

A

*tThe maximum caloulated value for ©

(REFERENCE 6)

gy = axP

Downwind

Distance (x) (kilometer)

<0.1

CO0CO0O0000O
LW
"

s ¢ 3 18 1

<123.0
>123.0

<Y, 3

1

QOCOoOO0O0WW
F R
oOCcoan+O

[~ 2 SEN 2NN SEE DN SN A A

v
&

Values for o, (m)
b

l122.8

158.0

170.a2
179.52
217.41
a5e.89
346,73

453.8%
W

90,673
98.483

109,30
kW

61.141
T

34.459
32,092
33,093
33.504
316,650
44.0583

34,260
33,331
al.838
41.838
22.534
34,703
26,970
35.430
47,6180

is 3000 meters.

0.9447
1.0542
1.0932
1.1a262
1,2844
1.4094
1.73283
2,1166

0.93198
0.98332
1,097

0.91465%

0.86974
0.81066
0.64402
0,60486
0.86589
0.51179

0.836680
0.819586
0.75660
0,63077
0.587184
0. 80827
0.46714
0.37618
0. 39891

*Btability Categories are based on dlta in Turnex's Horkbook of

Atwospheric Dispersion Estimates (Reference 7).
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h 'TABLE 4 (Continued)

' Stablility Downwind values for o, (m)
{Catagories*) Distance (x) (kilometers) _a b

F <0.2 15,209 0.818%8

* 0.2 = 0.7 14.457 0.78407

0.7 - 1.0 13,953 0.68468

1.0 - 2,0 13,982 0.63227

2.0 - 3,0 14.323 0.54503

3.0 - 7.0 16.187 0.46490

7.0 =~ 15.0 17.836 0.41307

15,0 = 30,0 <2,.651 0.32681

30.0 - 60.0 27,074 0.27426

>60.0 34,219 0.21716
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2, Dispersicn Examples

A sample disparsion problem is presented to demonstrate the
solution technique for calculating the downwind, ground level, center-
line concentration and the crosswind distance to a specific concentra-
tion limit, The spill sizes and specific evaporation rates assumed
wers taken from Figures 1l-3, for a 15°C ambiant air temperature. The
ground level centerline plume concentration is calculated using the
following Gaussian equation:

R (5)
* 3600 7 040,

.

Equation 5 assurmes a high mixing layer boundary and therefore, minimum
vertical restriction of the plume., A In/sec windspsed and Class B
stability category representing strong to moderate solar radiation,
were selected for this example (Reference 7)., Table 5 liats EPA
caloculated horirontal and vertiocal dispersion vocefficients applicable
to this problem based on the constants described in Tables 3 and 4,
Table 6 liats the center-line concentzations computed for a spegific
spill size using Equation 5. The following formula is used to calcu~
late the crosswind distance to a apacific concentration isopleth:

g = |2 tnf Sx\ |s,273 (6)
ny
where Y w orosswind distance from the plume centerline to
the 5TPL

ny = crosswind concentration isopleth = 7 mg/m3 for
N-H
274

C, = downwind centerline concentration, mq/m3
|

This equation is umseful in determining the width of the hasard corridor
associated with any selected limitigq concentration, For hydrazine a
reasonable limiting value is 7 mg/m?, the 1 Hour Short-Term Public Limjt
(BTPL) (Refersnce 8)., The STPL for MMH and UDMH are 2.8 and 38.2 mg/m
reapectively. These values are used in Figures 5=7 and 17-19, Table 7
lists the downwind distance, ocenterline concentration, and crosswind
distance to the 7 mq/m3 isopleth. Figures 5, & and 7 lllustrate the
8TPL isopleths for hydrazine, MMH, and UDMI, based on spill conditions

18
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TABLE 5, Calculated Standard Deviations
Used in Sample Dispersion Problem*

Pt L gaew -

| rame FRR T, 257 R o et

Downwind Horizontal and Vertical
Distance Standard Deviations
{m) 0 o
%) ™
25 5.42 2,62
50 10.2 5.18
75 14.8 7.71
100 19.3 10,6
150 27.9 15.5
200 36.2 70,2
225 40.2 22,7
250 44.3 25.2
275 48,3 27,7
300 52.2 30.1
325 56,1 32,6
350 60.0 35.1
378 63.9 37.%
400 67.7 40.0
425 71.58 42.7
450 75.3 45.5
47% 79.0 48.3
500 82.8 51.1
550 90.2 56.7
600 97.5% 62.4
650 104.8 68,1
700 112,0 73.9
750 119.1 79.7
800 126.2 88.6
850 133.3 91.5
900 140.3 97.4
950 147.2 103,
1000 154.,1 109,
1100 167.8 121.3
1200 181.4 133,58
1300 194.8 145.8
1400 208,1 158,1
1500 221,13 170.5
1550 227.9 176.8
1600 234.4 183,0

*Coefficients calculated using eguations in Tables 10 and 11,

Stability Category B
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TABLE 6. Downwind, Ground-Level Centerline Concentration
' for Sample Digpersion Problemt* ;

Downwind Distance Cx

{m) mg/m3 i
100 = 134

150 63

200 37

225 30 .

250 25 i
275 20

300 17

1284 15 X
350 13 . 1
375 11 : .
400 10 1 ;
425 9 :
450 8 , ;
475 7 : ,
500 6 , .

*Aggumes a 36000 liter spill, evaporating at 930 kg/hr (Sea Figure 1l.)
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TABLE 7. Crosswind Digtance Values To The S

7 mg/m? Hazard Corridor* -

Downwind Downwind, Ground- Crosswind :
Distance Level, Centerline Distance )
: . Concentration 4 X
: (m) , (mg/m°) (m) oo
100 134 47
150 63 38
200 37 66
225 30 69
250 25 71 :
275 20 70 L
300 17 69,5 !
325 15 69 . :
350 13 67 }
378 11 61l :
400 10 57 ‘
425 9 51 : ;
430 8 39 ! :
475 7 ¢] ;

1

*Hazard Corridor defined by the Short-Term Public Limit for Hydrazine
(Refarsnce 7). A 3600 liter spill, evaporating at 930 kg/hr ix
assumed. Wind Speed = 3 m/a, Stability B and unrestricted mixing depths.
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listed in Figures 1-3, Tp = 15°¢, and unraestricted vertical expansion
of the plume, Figures 8-16 present the hydrasine center-line ground-
leavel concentrations for 200, 20,000 and 36,000 liter spills computed
for 0, 15, and 30°C ambient air temperatures. These volumes may be
associated with an accidental spill for a drum, trailer or railcar,
respectively. Finally, the downwind distance to the BTPL, as a function
of evaporation rate, for any stability category, is presented in Figures
17-19, These graphs represent a quick means for determining the down-
wind distance that must be evacuated to avoid exposures in excess of
. the S8TPL. Thess curves were caloulated based on a mean wind speed of
3 m/s and on the STPL for the specific propellant., To uee these curves
with other wind speeds or limiting concentrations, the avaporation rate
computed for a given spill situation must be modified as follows:

Q, = Ql(gTPL ) (_g) (7)
Ry

whore
Q2 = gvaporation rate for use in Figures 17, 18 and 19.
Q = original evaporation estimate from program
cxy = concentration limit, mg/m3
G = mean wind speed, m/sec

For sxample, assume a hydrazine epill for the following conditions:
(a) Q@ =~ 1000 kg/hr
by U = 6 m/meg
(a) Cyy ™ 2 mg/m3
(d) stability Cateyory b
8ince Pigure 17 was developed for an STPL concentration of 7 mq/m3

and a wind mpeed of 3Im/sec; the emimsion estimate of 1000 kg/hr
must be modified as follows:

Q; = 1000 /(\g_)(%) (8)

Qy = 1750 kg/br

Q4 can be directly applied in Figu:o 17 to estimate a downwind evacuation
distance of 2.2 km to the 2 mg/m’ concentration limit.
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Figure 8. Dewnwind Ground~Lavel Centerline Concentrations for
a 200 Liter Hydraxzine Drum spill.
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CONDITIONS
A Qm = 405, 930 kg/m3

7 FOR Ta= 0, I85°C
B. CLASS B STABILITY
102 C. Un3ma
- D. SPILL DEPTH = 25¢m
- Tas |5°C
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Figure 10. Downwind, Ground-Level Centerline Concentrations for
a 36,000 Liter Hydrarine Railcar Spill.
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7 CONDITIONS
a. Qm = 10,19,37 kg/hr ‘ :
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3 Pigure ll. Downwind, Ground-Level Centerline Concentrations for i
a 200 Liter MMH Drum 8pill. ;




1000
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Figure 12. Downwind, Ground-level Centerline Concentrations for
4 20,000 Liter MMH Trailer Spill.
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CONDITIONS
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Figure 13, Dawnwi.nd, around-hwol Cmeo:nm Conccntnrionu for
a 36,000 Liter MM Railoar Spill.
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CONDITIONS

A. Qm = 34, 78,160 kg/hr
FOR Ta=0,15,30°C
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C. U=3mp
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Ta= 30°C
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0.1 ! 1 | : T =
0 100 200 300 400 500
DOWNWIND DISTANCE - m
Figure 14, Downwind, Ground-Level Centerline Concentrations for

a 200 Liter UDMH Drum spill,
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Figure 17, Downwind Evacuation Distanve to the Short-Term Public .
Exposure Limit Concentration for Hydrazine. :

1
°" ) ltlvutl' L4 lll'l!l' v Iul"Ir' !
|

35

e R F N TN st




ot NPy nd PRI —

10
CONDITIONS X
- !

A Uss Imh
B, STABILITY CATEGORIES 3
A-F ,
:
10 ) .
. I I
.. 1 i
|
I0 [1
d f
§ ;
! :
E 10 :
:" %
] -l 1
§ @ -Ol(dj;!)( ] ) . |

o ! |
: f !
) . i :
0 | I
{ o
. ! ‘ (
.4 1
1 o
1 Iy
) X
. !
N “r T 2 3 Y . !

v v L | 'l" 1 ] LB L L M 2R n N I .T l‘f'r""""

0.5: : 0.l 1.0 10
_ DOWNWIND DISTANCE - km - |
Figure 18, Downwind Evacuation Distance to the Short-Term Public ' E ‘
Exposure Limit Concentration for MMM, f
36 ! i




DRI TR pen s L e

——

EVAPORATION RATE - kg/be
5
L i & Illll.‘

Iy
¥
{i
.(

S
RN ETTY] nl

S
[ S LLlluf

S
11 il

CONDITIONS

A O=3mn
B. STABILITY CATEGORIES
A-F

orra B8

10—
ﬁ
' L] v l!Il'.ll L L] III'II' v L "'lfl’l.
0.0I 0.1 10 10
, DOWNWIND DISTANCE - km oo
Pigure 19. Downwind Evacuation Distance to the Shert-Term Public

Exposure Limit Concentration for UDMH.

37

- - e — ot o =

.

dlielinidl —ct =iV ol > P




3. Comparison of Hand Calculated Downwind Dispersion Data with
EPA PTDIS MOdel

Thoe downwind concuntration data graphically illustrated in the
previous section were hand-calculated using disparsion algorithms
from Turner's Workbook of Atmospheric Dispersion BEstimates (Reference 7).
This hand-caloulated data was then compared to computer generated
concentration data, for ildentical spill and meteorological conditions,
using the EPA point-distance (PTDIS) dispersion program (Reference 9),
The EPA computer program verified the accuracy of tha hand-gsalculated
disparsion data and the resulting graphs,

PTDI® is one of three steady-state Gaussian plume point mource
models that have recently been added to EPA's UNAMAP (User's Network
for Applied Modeling of Air Pollution) system. The model determines
the variation of ground-level concentration with downwind distance
and the crosswind distance to a selected isopleth concantration.
Program input parameters include source strangth, effective height of
emission, physical stack height, stack gas temperature stack volume
flow, gas velocity, amblent alr temperzature, stability oclass, wind
spevd and mixing height, Concentration values for up to 50 downwind
distances may be computed for any source strength. An isopleth
option may be called which caloulates the half-width to a specified
exposure limit. Tho model assumes no topographic obstructions
in the vicinity of the source and that the terrain is flat or gently
rolling.
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BECTION V

CONCLUSIONS AND RECOMMENDATIONS

Propsllant evaporation and dispersion models have been developed
for hydrasine, MMH and UDMH propellant ground spills. The evaporation
model computes the rate of propellant evaporation as a function of
ground temperature, sclar insolatien, aiy temperature, wind speed
and spill dimensions. This model will significantly improve pre-
dictions of harard mones resulting from propellant spills. Results
can be an order of magnitude different than those obtained using
models that do not consider heat gain and losses to the evaperating
pool.

Sensitivity analyses of the wvaporation input paramaters indicate
that spill area, ground temporature, ground roughness and propellant
type are important factors for consideration. Medium sensitive svapora-
tion input parameters linolude wind speed, ailr temperature, ground
temperature (when T; is less than Tp) and mid-day solar insclation.
Spill depth and atmospheric ominlivfty ware found to be the least
sensitive in the evaporation program,

A simple Gaussian dispersion model is presented and applied to a
sample problem to calculate the peak downwind, ground~level oencentra=-
tion and the crosswind distance to the 7, 2.8 and 38,2 mg/m’ STPL. This
resulted in hasard corridors reaching 480, 1380, and &80 meters down-
wind of a 36,000 liter railcar spill at an ambient air temperature of
18°C for NaHg, MMH and UDMH respactively. Downwind hand-calculated con-
centration predictions wers verified and found to agree with the EPA
point-distance (PIDIS) computer model.

Three follow-on projects are recommended. The evaporation of
propellant mixtures needs to be addressed, Titans use a 50 percent
mixture of hydragine and UDMH (Aerozene 50) and the F-16 uses a 70
percent mixture of hydrazine in water. Comparison with experimental
labioratory data indicate that the model prediots only the initial,
first hour average evaporation rate. The parameters that desoribe
the tranasient propellant evaporation rate as a function of time and
humidity, neead to be defined. Finally, atmospherio photochemical
reaction or decomposition of hydragine propellants reguire further
investigation.
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APPENDIX A
EMISSION COMPUTATION
The avuporation of a liquid pool can be related o the concentration
driving force and thu mass trahsfer rate constant by the following
aquation:
QM L] km ((-‘l L4 UA) (A-l)
where
Qu ™ mass transfer rate, kmoles/hr-m?

k_ = yapor phase mass transfer rate cosfficient, m/hr

C, = propellant vapor concentration at the liquid peol
interface, kmolew/m3

C, = propellant vapor concentration in the bulk atmosphers,
assumed Rero.

The computation assumes ideal gas bshavior of the propallant vapor
across the diffusing f£ilm. The concentration term (Ci) can be expressad,
acqgording to the ldeal gas law, in vapor pressure as follows:

MNV = C) = Py/RT, (A=2)

and

Qy = kpPy/R(T, + 273) (A=3)

whers

P, = vapor pressure of the spilled liquid xu/m’ = kPa

R = universal gas constant, 8,314 kPa=m3/kmole * K

Tp = temperature of the evaporating propellant liguid, %
M = number of moles of propellant, kmoleas

V = voluma of propsllant vapor, m3

The masa transfer coefficient (k,) is computed from the following
equation: (Reference 3)

(2=n)/(24n) . (=R)/ (24n)

k, =0 (A-4)

m




where
k. =« mass transfer coefficient, m/hr

¢ = dimensionless constant and a function of the Schmidt
number

U = wind speed at a height of 10m, w/hx

n = a fuhction of the atmonpheric lapse rate

X = diameter of spill, m

Foxr average atmospheric conditions, a value of n = 0,25 is
reasonable (Refecrence 3). The constant C is caloulated for any pro-
pellant using the following equation (Refersnce 3)i
C = 0,0292 ga ~0+¢7 (A=8)

vhere

8o = Schmidt number = Up/PpyD,

Hpy = Vviscosity of the air-propellant mixture in the stagnant
film, g/om-sec

PrM density of the airz-propellant mixture in the stagnant
£ilm, g/om?

D, = diffusivity, omd/sec

The Schmidt number is a dimensionless numbor and a funotion of the
viscosity and density of the air-hydrasine mixture in the stagnant film
and the diffusivity of the propellant fuel in alr. Tha viscosity of the
air-hydragine vapor mixture is basud on the pure somponant viscusities
of the air and propesllant vapors in ths diffusing #ilm, The viscosity
of a pure vapor is calenlatod from the following equation: (Reference 10)

2 ) 1/2 (my + 273)3/2

- -

Vod/3 (Ty, + 1.47 T, + 674.31) 10° (A-8)

“rp

where
Hpp = visvoslly of the pure gas component, g/cm-sec or poise

NWP = molecular welght of the propellant.
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temparature of the stagnant vapor film
- (TA + Tp)/Z' °C

Tp = temperature of the air, OS¢

3
=3
n

boiling point temperature of propellant liguid, °c

Vo, = volume of the propellant liquid at its boiling point,
coc/g-mole

Tha viscoslty of a propellant vapor am a function of temperature can
be reprasentad by the following general equation: (Raference 10)

K(m,) /2 (A=7)
RS

K = oconmtant for any specific gas

Ty = boiling point temperature, ©X

A geriexal equation for the vigcosity of air as a funotion of tempera-
ture can be computed by locking up a reference viscosity value at

temperaturse Ti‘ and caloulating the conatant X from equation A=7, Based
ol

on this, the lowing equation for viscosity of air was developed:

o 3/2
gy ™ 1045 (10-5) F (A=8)

P
TF + 116

he viscosity of the vapor mixture in the stagnant film (ugy) is
computed from the following sguation: (Refarenca 10)

Y upp (M) /2 4 (1= ¥) uy, (W) 1/2
YW 1/2 4 (1w v) (M) 172

(A=9)

Hrm
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wherse
Mo, = viscosity of the air-propellant mixture, poise

Y = avarage mole fraction of the propellant vapor
= PV/ZPT

P, = vapor pressuru of the purs propellant vapor, kPa
P, = barometric pressure, = 101,3 kPa

Mppr Mra »  visoosity of the pure film components, propellant,
air respectively, poise

MW _, MwA molucular weight of propellant, air, respectively

P

To solve egquation A+-9, the vapor pressures (Pv) of the pure gas
components, as & funution of the pool temperature (T,), is required.
The following equations, modified for unit consistency, are pre-
sented (Refarencs ll)

NaHy
log P, = =7.8113 - 653,880 + 0,047914 (T, + 273) (A=10)
i;’:‘iﬁh

-4.98860 (1075) (r, + 273)2

MMH _
log P, = 6.23648 ~ 1104.571 - 153237.6 (A=11)
T+ 273 (T + 373)%
p P
UDMH
875.89 - 140001.1 _ (A=12)
log P, = s.afoes w;'I‘E?h TE;“$‘573>‘

The density (pgy) 0f the air-propsllant mixture in the stagnant film
must aleo ba determined to evaluate the Schmidt number. The density of

the gas mixture is represented by the following equation:
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(A-13)

PpM ™
R™ Ty

where

MW = molecular weight of the propellant-air mixture,
- mwp+<1-vmwA

R' = universal gas constant, 8314 krl-nma/qmalo - %

Finally, an estimate of the diffusivity, D,, across the gas film
is determined from the following equation: (Refersnce 12)

=]
]

0.0018583 ['r,,-’ (L/MWy + 1/MW,.)J 1/2

' 2
Py tap Ta-p

(A=14)

vhere

b, = diffusivity, cmz/loc
Epup ™ (xp + rp)/a

Tpr r, ® collision dismeter of the alr-propellant molecules,
Angstroms

nA-P = collision integral and a funotion of kTp/rj_p

k = Bolteman conmstant, 1,38(1075) ergs/molecule-°ox

Ca.p "™ ONOrgy of molecular interaction, ergs

The collisivn integral, nA_,, can be determined by caloulating first
the (‘A-P/k’ foroe constant for sach gas palr as follows: (Reference 13)

Krar (fX‘&) Y3 (A=18)
€a~p ca/€p
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for aix, t./k = 97°K. For the propallants, ep/k was calculated
from the followﬁng nquation: (Reference 13)

Lp/k * l.lS(Tb + 273) (A=16)
where T), is the boiling point temperature of the propellant in ©c,

Based on tabular values of kTp/cp.p for the temperaturs range of
-319C, to 3%9°C a general regression formula for the collision integral
(fip.p) a8 a function of temperature was developed:

kK Tp) + 0.15 (A=17)
log Qp_p = -0.43 log(E;-:p F‘)

The following specific equations were devaloped for the thres
propellants under consideration:

NyH
24 log Ay, = -0.43 log (T, + 273) + 1,18 (A-18)
MMH log flp.p = =0.43 log (Tp + 273) + 1.14 (A-19)
UDMH  log flz_p = =0.43 log (T, + 273) + 1,13 (A~20)

To calculate the averags collision diameter, (rA- ) regquired in
equation A-14, the collision diameters of the component gas species are
caloulated as follows: (Reforence 13)

£y = 1.18(vy)1/3 (A~21)

where V, = volume of the liquid at the normal boiling point,

ac/g-mole

The collision diameter for air, r,, ia given as 3.617A (Reference 13).
V, is caloulated by dividing the density of the propellant, at its boiling

pgint, into the molecular weight of the propellant., The density of a
liquid at its boiling point is computed by the following eguation:
(Refarence 10)

1/3

T -

e ™ Pry T~ ™ (A=22)
Ta = Ty
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where
Pip ™ density of the liquid at its beiling paint, g/cc
N2H4 - 0.911, MMH - 0,801, UDMH = 0.740
Ppr = density of the liquid at Ty, g/ec
T, = temperature of a liquid at its boiling point, °C
T, = oritical temperature of the propellant, ¢
T,; = any propellant temperature where density is knoﬁn.

B & — Sruma e

Fquation A=3 can now be solved, assuming a tentative pool tempera-
ture, T,. The pool temperature of an evaporating pool may not equal the
temperature of the air. To determine the steady-state pool temperature

T W & c -

P b

(Tp), & heat balance analysis of the evaporating pool system must be

performed. The following parameters define the heat~balance sguation:
(Refexence 3)
Qc + Ry * Qg * Q= Qp+ Hy (A=23)

wheze

QQ " ‘aonvcctivc heat transfer from the aoil ox surface to the

pool, J/hr

Qq =~ convective heat transfer frocm the atmosphere, J/hr

Qg = wsolar insolation, J/hr

Q = radiative heat gain from the atmosphers, J/hr

Qp = radiative heat loss from the liquid pool, J//hr

Hy = evaporative heat loss from the pool, J/hr

Heat transfer from the ground tuv the liguid pool (Q?

experimental heat transfer studies through a horisental

) ia based on
ayer bounded

on the top by & told surface and on the bottom by a heated suxrface.
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The Rayleigh number (N .), (Grashof number (Ngp) times the Prandtl
Numbor (Nup)) is corro&ﬁtod with the Nussolt number for five distinect
modes of huat tranufer, ‘The five moden aro defined as followa:

a. 100 < Npp < 1700 Ny = 1, Heat transfer is by conduction
only and the fluid remains immobile.

b, 1700 < Ny, < 3000 Nyy = 0.0012 Np,0-30 This mode defines

the oritical condition where oreeping convection begins. The fluid
begins to virculate and heat transfer is by conduction and convection.

G. 3000 < Npa < BOOO Npe0+2 Ny = 0.24 Nga€: 2%  This heat
transfer mode is dafinaed as Taminur cenvection and is desoribed by
uniform heat flow contours.

0.2 0.2 0.16y 0.21
This region is defined as the transitional phase where heat convection
changes from laminar to turbulent convestion.

o, N, > 18000 Npg O'%  mgy = 0.10Ngp0 Iinp0- 38
This reglon is characterized by turbulent convective heat transfer from

the ground to the liquid pool.

The heat tranafer from the ground to the liquid pool is described
by the following squation:

9% = hy (Tg = T A, (A=24)

9

o
|

heat trangfer coefficient from yground to ligquid
pool, J/m?shrsOK

Tg:Tp = tomperaturo of tho ground and ponl, roupootive;y. Px
2

>
[ ]

p araa of tha liguid evaporating pool, m
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The heat transfer noefficient can be calculated from the follow-
ing equation: (Reference 4)

ky, A Ngg B Npg € (A=25)
9 L

whtre

ky, = thermal conductivity of the liquid J/meux+®x

A, B, C » ocunstants whose value depend upen the five distinct modes
of heat transfer that can occur.

- = Grashof number = g B L3 paﬁ/uan

B = ratic of volume change to mean volume per degree
change in temperature, 1/°K

L = ligquid layer thickness, meters

g » gravitational constant = 1,27 x 108 m/hr?

P, « liquid density, kq/m3

b1, = liquid vigeesity, kg/m*hr

Ner = Prandtl number = Cp uy

L

Pepending on the heat transfer moda, values of A, B, C are assigned,
For instance, when T, < Tpo heat transfer to the ground ia by con-
duction and A = 1, and B = ¢ = 0, Equation A=25 then simplifies a»s
tollows:

Eﬁ, (A=26)

For this case the heat transfer rate is inversely propoytional to the
pool depth. When Tg > T and heat transfer is by turbulent convestion,
AwO,l, Bw 0,31 and C = 0,36, For this camse, Eguation A=28 looks as
followst

0.31 0.36
ks, 0.1 NGR Npr

- "27
hg ) (A=-27)
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Sinca N is a function of L3, pool depth cancels out in the above
equation and bacomes an insenmitive parameter in the heat transfer
equatien.

The heat transfer from the atmesphere to the evaporating pool is
described by the following equation: (Reference 3)

Qu = h(Ta = TR)A, (a-28)

h = heat transfer coeffiocient, J/m2+hr+°x

h ia further defined as: (Referance 3)

h = Xyopy Cppy (80/Pg) 067 (a-29)

whera

Ppy ™ density of the f£ilm vapor mixture, g/ma. For ugit
consistenocy, multiply the density in g/co by 10°.

Copy ™ heat capacity of' film vapor, J/q*°K

Egquation A-29 is modified as shown below for dimsnsional conslmtency:
h = Ky 10% ppy Cppy (Bo/pg) 067 (A=30)
The heat capacity of the air-propellant vapor mixture in the film

is caloulated firast for each pure component vapor as follows: (Refev-
ence 13)

Nalig (A=31)
. -4 : -7 )

Copp = [0-387 + 7.919007) (1 & 273) 4 2.440207) try + 2793 4.29

MMH (A=32)

Cppp [9.49(10‘3) + 9.88(107%) (1, + 273) = 3.22(1077) (T + 273)’]4.19

— (A=32)
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where
Copp ™ heat capacity of the pure propellant vapor, J3/9°+°x

T, = temperaturs of the film, °C

P
I
Al
AL (A=34)
-3 -8 2
Copa = [0.232 + 1,622(10™%) (TF + 273) + 3,96(10%%) (TP + 273) ] 4,19
where

'O
CerA = heat capacity of air’ J/q°°K

The heat capaclty of the propellant-alr mixture is represented
by the following egquation:

- Y(CPFP) (wa> + (1 'Y) (cprh) (MWA)
T MRT + (L = ¥) (M)

c

PFM (A=38)

The Prandtl numbey, also required in egquation A-30, is defined by
\ the following exprassion:

p = Coru_(im) 3.6(10%) (A=36)
kpy
E where
|. Fa = prantl nunber, dimensionless
'i Copy = heat capacity of the vapor film mixture, J/g+°K
i"- Uy w visgoslity of the vapor film mixture, g/omesec

thermal conductivity of the film mixture, J/hrems9x

gy

1 : . 3.6(105) = sonversion factor to changs g/om*med to g/mehr

The thermal conductivity (kpp) of the pure propellant vapor is
computed from the following eguation: (Reference 13)
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. 5 2.48 -
Kgp = 3.6(10%) Ly (%PFP + ) (A=37)
p

where

krE = tnermal conductivity of the purs propellant vapor,
J/hrsm+CK

Hpp = viscosity of the propellant, g/om:sec
Cppp ™ heat oapacity of vapor, J/q*Ox

For alyr, the thermal conduotivity (kr ) is expreased by an equation
that assumes a straight-line zelationship gotwunn kpp at 0°% and 100°¢,

kra = 87,1684 + (TF) 0.2679 (A=38)
where

kps = thermal conductivity of air, J/hrsmeOK

T, = temperature of the film, ©C

The thermal conductivity of the air-propellant mixture is reprasented
by the following equation: (Reference 1l3)

1/3
o ¥ Rpp (ML 4w - w) iy Gewy) Y (a=39)

ke

y (M)1/3 w (ey) () 12

The heat input to tha pool due to solar radiation is desoribed
by the following equationt (Referanca 3)

Q, * (1-a) RA, (A=40)

vwhere
Q, " incident solar radiation, J/hy

a = surface albedo, the radiation that is reflected from the pool

R, = solar radiation, J/ma.h,
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The albedo,is tentatively selected as 0,14 which is in reasonable
agreaemant with the generally ascepted values for water surfaces. (Ref-
arence 3),

Tha radiative haat input to the propellant pool due to counter-
radiation from the atmoaphere is represented by the following aquation:
(Reference 3)

4 -
Qp = 9,5(Ta + 273)9A, {A-41)
whare
QA = radiative heat gain from the atmosphers, J/hr
o™ emimsivity of the atmosphexe
8§ = Steffan-Boltemann wonstant, 2.042(104) J/mz'h=-°K4

The emissivity of the atmosphere is primarily a function of the
water vapor pressure and tentatively assumed conatant at 0.75 (Ref-
arence 1),

The zadiative heat loss from the pool to the atmosphere is presented

" by the following equation: (Reference 3)

Qy = 8pB(T, + 273) ‘Ap (A=42)

whaze

QE = heat loms from the pool, J/he

np = emissivity of the pool

The emiseivity for water, equal to 0,95, is tentatively umsed until
specifioc values for the hydrazine family can be obtained.

Finally, the heat loss from the pool due to evaporation can be
exprossed by the following squation: (Refarenco J)

Ky Ap MW A, Py

L] (A"43)
BRI VAT

54

e B




)
¢
¥

where

H
E = evaporative heat logs from the pool, J/hr

k = vapor mass transfer rate coefficlent, m/hr. ;

See sguation A-4,
Ap = enthalpy of vaporiezation at tha squilibrium pool
temperature, J/kg

Using Watmon's Correlation, AP can ba computed from tha following
sexpression: (Reference 13)

A = N ("‘c - Tp)°'3° (A-44)
Te =Ty

where

T, = oritical temperature of the propslliant, %

Ay = referance enthalpy of vaporisation at T;

Tha oritical temperatures for the thrae liguid propellants are as
follows: NpHg - 380°C; MMH - 312°C; UDMH - 2809C. The refexence
enthalpy of vaporization ()y) used in the sample calculatiops are an
followss NzHg - 1.36(108) Jzkg at Ty = 289C; MMM - 8.73(10°) /Ky

at Ty = 250C; UDMH - 5.44(10°) J/kg at Ty = 62,5°C,

A value of T is assumed and equations A-24 to A-44 are wvolved to
determine if the unnlity condition set by eguation A=323 has been met, :
Successive iterations are made until T, + 0.1 are caloulated. This :
valus is subsaquently used in equation A=-45 to caloulate the mass
flux of propellant evaporating inte tha atmoaphere,

Qu = kmPy (MW)A/R Ty (R-453) ,

whaze f

Qu = Emission rate from the pool, kg/hr
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Computed Variables

LIST OF S5YMBOLS

COMPUTED TERMS IN EVAP PROGRAM

variable Description

Technical Computaer

Report Program

A, B, C, A, B, C, Constants used in generalized heat transfer

correlation squation, Nyy = A NGRB NPRF’
B Beta The ratic of volume change to mean volume per

dagres change in temperature, 1/°K

Qs+Qp-Hg CONST S8clar insolation + radiative heat gain from
the atmosphere - evaporative heat loss, J/hy

c, CPL Liquid heat capacity, J/kge°X

Cppm CPFLM Heat capacity of the propolllnt-aif mixture
J/9°+°r

Cpprp CPP Heat capacity of pure propellant vapor,
J/9°0K

PEM DENFM Density of the air=propellant mixture -g/cm3

Py, DENL Liquid density kg/m3

Dy v Diffulivity of propellant gas acroas the gas
£ilm, cm?/sec - needed for Schmidt No.

Ngr GR Grashof Numbar - gBAt L3 ¢ y / hy L

h H Heat transfer rate coefficient, J/m2shr:Ox

Cora HCA Heat capacity of air, J/¢*°K

hg HG Heat transfer rate coo!t;ciont, from tha ground
to the liguid pool, J/md+hr+9x

. OMEGA Collision integral for diffusion, function of
kT/¢p p

Pa PR Prandt's number for the vapor phasa =
Corm  “rw/%ry

Cy Uy
an PRL Prandtl No. for the liquid phage = -E;—h
Nr. RA Rﬂyl.iqh No, = NGR hd an
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LIST OF SYMBOLS (continuad)

Variable Deascription

Computed Variables
Technical Computer
Report Program

Ip-P RBAR
8¢ 8C

TA TA

TF F
Krm TCOFM
kp A TCONA
k L TCONL
kFP TCONP
Uy ™

- ™

QH + QG TPTl

Qp *+ Qg + TPT,

- H
QA
km TRK
M VAPRT
lipaa VISA
“FM VISFM
uL VIsL
Mep visp

Average ¢ollision diameter of the air pro-
pellant molacules, A°

Schmidt number, dimensionless = u/pby
Temperature of Alr, ©C

Average temperature vapor film, °C =
(T + Ta)/2

Thermal conductivity of the propellant-air
mixture

Thermal conductivity of alr, J/hr'm:°x
Liquid thermal conductivity, J/mehr+SK

Thexmal conductivity of the pure propellant
vapor J/hrsmeOx

Computed temperature of the pool, °K

Temporary pool temperature calculated by
using Raphoon=Newton method

Convective heat transfers from (to) the
atmosphers + from the msoil, J/hg

Radiative heat loas from the liquid pool +

CONST J/hr

Mass transfer rate coafficiant, m/hr

Emimsion rate from the ligquid evaporating
pool, kg/hr

Viscosity of air, poise = g/cm-sec

Viscosity of tha alr-propsllant vapor
mixture, poise

Liquid viscosity kg/m*hr

Viscosity of the pure gas, component, polse
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L18T OF SYMBOLS (continued)

_Variable Description

Computed Variables
Technical Computer
Report Program

Vg vo
P, VPP
Y ¥
rp -
Nnu -

Volume of liquid propsllant at its normal
boiling point, co/g=-mole

Vapox prol!ure of the pure gas components,
kP, = kN/m

Average mole fraction of the purs wvapor
component

00111l129 diameter of propellant molecules =
1,18 Vo 3 Angatroms

Nusmelt Number = hg L/kp
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LIST OF SYMBOLS

INPUT DATA TO EVAP PROGRAM

Input Symbol Variable Description

Technical Computer

Report Report

A‘p ASPILL Area of Spill

T, 1) Depth of pool in meters

X DSPILL Diametar of spill, m

n GN Ground roughness factsr and
tomperature profils in the
atmosphers

- Xp Liquid propellant type to be
evaluated: Kp = 1, 2, 3
1 = NgHg 2 = MMH, 3 - UDMH

Rg RS Solar insolation rate, J/m2thr

s TAC Temperature of air, °c

Tg TG Ground temperature at 10 om
depth

U U Wind aspead, m/sec
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APPENDIX C

SENSITIVITY ANALYSES

Tables C=1 through C-11l depiot input parumeter variation and the
resulting evaporation rates for the following initial hydraszine spill

conditions:
a. Alr tomparature 150¢
b, Wind sposd 3 m/sec
¢. 8pill volume 20 m3
d. 8pill diameter 31.66m
¢, 8pill area 767.40 m?

f. Ground roughness factor 0.25

¢. BSolar rate

¢. Solar rate

h., Liquid type

3,1(10%) J/m2<hr
3.1(0%) g/m?ine

hydzagine

i, Ground temperature = aly temperature

j. Depth of pool 2.%4 om

Table C~1 illustrates the variation in evaporation rates between

hydragine, MMH and UDMH,

In general, the evaporation rates of

UDMH and MMH axe 11 and 3 times that of hydrasine. ‘Table C~1l1 shows
that the evaporative heat loss is the major factor reducing the pool
temperature, Binocw the svaporation rate is a function of the vapor

preasure of the propellant and the mass transfer coefficient, the masa

transfer coefficient must he the factor increasing the svaporation
rate while reducing the pool temparature.

Table C=2 indicates that ground temperatura is both a high and
medium wsensitivity input parameter to the avaporation program.

When the ground temperature is below the equilibrium pool temperaturae,

heat transfer occurs only by gonduction. Table C-2 indicates that a
24 percent error in the evaporation rate occurs for every 10°C error
in the ground temperaturs for the above condition. When ground tem=
perature exceeds the pool temperature, heat transfer usually ogcurs

by turbulent convection.

Table C-2 indicates that a 55 percant error

can ocour for this condition. Table C=1l shows that heat transfer by
convection in on the order of 200 percent greater than by conductien.
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Evaporation rate is directly proportional to spill area and
increases non-linearly with the spill diameter., , Table C-3 illus=-
trates the variacion in evaporation rate with constant increases
in spill diameter. Assuming a 30 meter (diameter) spill, a 33
percent variation in the spill diameter results in a 75 percent
oversatimate or a 54 parcent undersstimate in the evaporation rate,
This example assumes a 20 m* trailer aspill.

Table C~4 indicates that an srror in the 1nlo1gtion rate can
produce a proportional error in the evaporation rate for high
ingolation values. When the insolating rate is low (compared to

. the other terms in the heat balance equation), the resultant pool
tumperature and therefore the evaporation rate is little influenced.
Table C=4 shows that for solar insclation balow 0.8 MJ/m2°hr (late
attarnoon or early morning), heating effect of the aun is insigni-
cant. When insolation is above 0.8 MI/mi+hr (analysis valid only
for the input parameters described above), the heat transfer to the
qground or to the air are not sufficient to balance the solar heaat
input, resulting in a higher pool temperature and increased evapora=-
tion rate.

Wind speed is a2 medium sensitive parameter in the propellant
avaporation program. Table C-%5 showas that as wind speed increases
from one to five meters per sacond, the evaporation rate doubles.
Table C-ll indicates that the primary parameter reaponsible for the
increased svaporation rate is the masas tranafer cosfficient (km), a
function of veloocity, which doubles the evaporative heat loss from
the pool.

Pool depth has a negligible effect on the evaporation rate,
During heat transfer by conduction, when the ground temperature is cooler
than the equilibrium pool temperature, a doubling of the pool depth
resulted in a 12 psrcent average increase in the evaporation rate, 'The
inoresse did not excead 20 porcent for any specific pool depth. During
the conductive heat transfer phase, ths heat transfer coefficient to
the ground reducea to the gimple expression:

k

L
hq ] -
As the pool depth (L) inocreames, h, decreases and the pool warms up.
During the coiivective heat transfer phase, h, is a more complicated
function whers L is also in the numerator. ghul, when pool tampera=-
i ture is lesa than the ground temperature, depth is not a sensitive
parameter in controlling the evaporation rate. Tabls C=6
illustrates the increase in pool temperature and evaporation rate when
pool temperature is greater than the ground temperature.
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The ground roughness factor (n), a highly sensitive parameter,
was assurmed to agual 0.25 for averags atmosphevic condition
(Reference 3), Variation of the pool avaporation rate with n is
shown in Table C=7. 1In general, a 100 percent change in n results
in a 43 percant or greater change in the evaporation rate. As n
increases. the velocity term (equation A~4) which im tha controlling
parameter that affects the evaporation rate, decreases, Although T
increases, which increases the heat transfer driving force betwean
the air and ground, heat loss to the ajir is limited by the reduced
volocity and heat loss to the ground is a function of the ponl depth,

Most attempts “o determine the range of n have found that
O<n<l, The greatest range of cbserved valuaa is 0.04<n<0,93 with
n = 0,23 during conditiona of adiabatic lapse rate (Refarenca 15),
This value is vary closs to tha 1/7th power law familiar in turbulent
pipe flow (Refersmnce 15)., Table C-8 presants values of n for various
temperature differaence data in the atmosphere between 8 and 400 feet
above tho ground (Refarenca 15).

The emissivity of the atmosphere (e,) is a function of the water
vapor pressure in the atmosphare and assumed as 0,75 in this report.
Table C-9 shows that e, ims not important in controlling the evapora-
tion rate. A reduction in e, of 0,25 (33 percent) results in a 10
percent reduction in the evaporation rate.

Variation in aly temperature from 0 to 40°C results in a 100
percent increase in the evaporation rate, In general, a 10°C error
in the air temperature results in & 20 percent error in the evaporation
rate. This variable i3 designated &s a mediun sensitive parameter,
Table C-10 shows the variation of evaporation rate with increaaing air
temperature.,
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TABLE (=1,

Propollant

Hydrazine
MMH

UDMH

VARIATION OF EVAFORATION RATE WITH PROPELLANT

'ool Temperaturc

o
299.2
493,2

287.7

Evaporation Rate
kg/hr
538.5
1704
5807

''ABLE 2-C., VARIATION OF EVAPORATION RATE WITH GROUND TEMPERATURE

Ground Tamperature
°k
273
283
293
302
al3

il

Fool Temparature

%
293.3
297.3
301.1
304,7
312,8

.7
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Evaporation Rate

kg/he

3e8,7

483,8

597.8

727.0
1111.5%
1426,4




TABLE C=3,  VARIATION OF BVAPORATION WITH SPILL SIZE

74

Splll Dlametar sSpill Area Povl Temperature Evaporation Rate
m ne Ok kg/hr
10 78,5 298,313 57.8
20 34,2 298.9 a2l
30 706,49 299.2 48%
40 1256,6 299.5 848
50 1963,45 299,7 1306

b feree



TABLE C-4. VARIATION OF EVAPORATION RATE WITH SOLAR INSOLATION

|
: Solar Insolation Pool Temperature Evaporation Rate
:
' MJ/m2hx 3 Xg/hr
0.1 288 283
L C.2 488 263
0.4 288 283
0.8 288 283
1.6 292 358 ‘
3.2 300 569
6.4 314 1188 |
i
L ] * . l
]
i
. f
e - :
A
| ,
ii
‘ } |
:~ . "0 e .. . 7.5 i o o8 . . . . 1 s
¢ § ;
- 1
} !
i [ %




" TABLE C-5., VARIATION OF EVAPORATION RATE WITH WIND SPEED

f Wind Speed Pool Temperature Evaporation Rate

l m/sec - ok Rate kg/hr

[ 1 308 3ls

| 2 302 448 .
| 3 299 539 .
| 4 298 612

5 496 674




TABLE C=6.

Poul Depth

Centimeters

0.15875
0.3178
' 0.635
1.27
2,54
5.08
10,16

20.32

VARIATION OF EVAPORATION RATE WITH POOIL DEPTH

Pool Temperature

s

290
231
293
296
299
302
304

305

77

Evuppration Rate

ky/hr

309
338
sl
451
538
622
683

721
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TABLE C-7. VARIATION OF EVAPORATION RATE WITH THE
GROUND ROUGHNESS FACTOR

Ground Roughness Pool Tgmperature Evaporation Rate
Factor (n) X kg/hr
0.1 289.1 1220
0.2 295,8 693 .
0.3 302.4 419
0.4 307.4 247 '
0.5 310.6 140
0.6 312.4 78
0.7 313.4 44
0.8 313.9 25 ;
0.9 314.2 15 | !
1.0 314.2 9
i
i
', cw . J
|
1
1
i
|
"
; i
: ]
: .
I
1
|
o
!. :
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TABLE C-9, VARIATION OF EVAPORATION RATE WITH
ATMOSPHERIC EMISSIVITY

Emissivity Pool 'gamperature Evaporation Rate
X kg/hx
0.75 299,2 539
0.65 298.5 516 .
0.55 297.7 494
0.45 296.6 473 ¢
0.35 296.1 452
|
i
i
|
80 '
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¢

VARIATION OF EVAPORATION RATE WITH

TABLE C-10.
AMBIENT AIR TEMPERATURE
Alr Pool Evaporation
Temperature Temperature Rate
o % kg/hr
273 294,3 408 _
283 297.,7 493
293 300.8 588 .
303 303.9 695
b ] 306,9 818
1
1
;
i
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, HQ USAF/LEEVP

) HQ USAP/SAFOI

) HQ USAF/SGPA

: HQ ADCOM/SGPAP
NCEL, Code 2511l

_ HQ TAC/SGFB

| HQ USAFE/Surgeocn

i HQ USAFE/DEPY

| HQ AFISC/SGMS
HQ USAFA/DEV

Toxic Materials Xinfo Cer
AFOBR/Life Sclences

AMRL/THE
SAMSO/DEV

HQ AFSC,DEV
HQ AFSC/SGPYE
HQ ATC/S8GPAP
HQ MAC/SGPE
HQ PACAr/SGPE
H) EAC/SPGA

OEHL/CC
AFWL/SUL
AFGL/XOP
USAFSAM/EDE
AFRPL/Library
SAMTEC/SEH
OBHL
SAMBO/8G
AMD /RDU
ADTC/C8Y
AFETR/DER
OASD/ (MRAGL) ES
Dat 1 ADTC/CC
AFCEC/SV
. Dot 1 ADTC/WE

L - AFCEC/DEV

[ Det 1 ADTC/ECA

j Det 1 ADTC/ECW
1 APTAC/TRA

’ OG-ALC/8GP

USAF Hompltal/8GPM
) DDC/TCA
ARPA

Cmédr, US Army Med Bioengrg Lab

Pir/CC Chem Sys Lab

Defense Ruch & Engryg/AD
USA Envmtl Hygn Agency

INITIAL DISTRIBUTION

HFE P MR WG HERWRHENE BSOS RERERE RSN CORRPRRPRRPHRFHROR R PR WO R

Det 1 ADTC/TST (Tech Library)
Dat 1 ADTC/ECC

SAMTEC/WE

DARCOM, Field Safety Aoctivity
Scutheast Envmtl Rsch Lab
DD-MED=41

AFOSR/NC

AWE/LNP

HQ SAC/DOW

AFRPL/WE

Det 1 ADTC/DMY

HQ AFBC/DLCA

SAP/MIQ

AFIT/DE

USN Chief, R&D/EQ

1 MSEW

6595 STESTG/TS

USAF Hospital/5GPB

DOD Explosives Safety Board
BAMEO /WE

SAMTEC/WE

OBHL

AFWL/WE

HQ APSG/8D

AFIT/Library

Fedaral Laboratory Program
USA Chief, ReD/EQ

HQ AU/AUL

HQ UBAFA/Library

HQ AFTEC/BG

HQ AFBC/808M

EPA/ORD

HQ NASA (MHS-7)

HQ AFISC/BES

USAF Hompital/8GP, Eglin AF8
1 STRAD/SEM

USAF Hompital/sSGP, Bdwards AFB
6395 BTESTG/82

SAIL

Det 1 ADTC/EC
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