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GAS DISPERSION
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R. K. Fujita and J. 1KTravis
Engineering and Safety Analysis Group
Technology and Safety Assessment Division
Los Alamos National Laboratory
INTRODUCTION
An analysis was performed to verify the design of a waste gas exhauster for use in
support of rotary core sampling activities at the Westinghouse Hartford Waste Tank
Farm.1 The exhauster was designed to remove waste gases from waste storage tanks
during the rotary core drilling process of the solid materials in the tank. Some of
the waste gases potentially are very hazardous and must be monitored during the
exhauster's operation. If the toxic gas concentrations in specific areas near the exhauster exceed minimum Threshold Limit Values (TLVs), personnel must be excluded from the area.
The exhauster stack height is of interest because an increase in stack height will alter
the gas concentra_ons at the critical locations. The exhaust stack is currently -4.6 m
(15 ft) high. An equipment operator will be located within a 6.1 m (20 ft) radius of
the exhaust stack, and his/her head will be at an elevation 3.7 m (12 ft) above ground
level (AGL). Therefore, the maximum exhaust gas concentrations at this location
must be below the TLV for the toxic gases. Also, the gas concentrations must be
within the TLV at a 61-m (200-ft) radius from the stack. If the calculated gas concentrations are above the TLV, where the operator is working below the stack at the
61-m (200-ft) radius location, the stack height may need to be increased.
ANALYSIS
The GASFLOW computer code, 2 designed to be a best-estimate tool for predicting
the transport, mixing, and combustion of flammable gas mixtures in nuclear reactor
containments and nuclear facility buildings, was used for this analysis. GASFLOW
is a finite-volume computer code for solving transient, three-dimensional
(3D),
compressible Navier-Stokes equations with multiple gas species. The computational domain is discretized by a mesh of rectangular parallel-piped cells in either
Cartesian or cylindrical geometry, where the primary hydrodynamic variables are
cell-face-centered normal velocity and cell-centered density, internal energy, and
pressure. A linearized Arbitrary-Lagrangian-Eulerian method is used to approximate the solution to the mass, momentum, and energy conservation equations.
Two-dimensional (2D) and 3D GASFLOW computing domains were developed to
model the currently designed exhauster stack and the adjacent terrain. The 2D computational domain consists of a cylindrical geometry mesh for calculating downdraft
atmospheric flow; the 3D Cartesian geometry mesh was used to simulate lateral or
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crosswind flow with respect to the vertical exhauster stack. Transport and mixing
calculations were performed to determine the exhaust gas concentrations
for comparison with the TLV based on the Westinghouse
Hartford Company (WHC) inputs
for the stack gas mixture and the local meteorological
conditions. 3 The TLV for
ammonia is 25 ppm.
RESULTS
The effects of buoyancy of the hot waste gases, atmospheric downdrafts, and lateral
crosswinds were investigated both individually and collectively in these analyses. A
strong atmospheric downdraft is considered to be the most severe condition for
ammonia concentrations near the exhauster stack. For operations personnel located
within 6.10 m (20 ft) of the stack and 3.66 m (12 ft) AGL, we computed maximum
ammonia concentrations of less than 4 ppm for downdraft velocities up to 7.92 m/s
(26 ft/s). An overlay of velocity vectors and ammonia concentration contours are
shown in Fig. 1 for the 2D predictions with an 8-m/s downdraft and a stack height of
4.27 m(14 ft). The highest ammonia concentration (7.56 ppm) is located by the region
designated "H" and the lowest (0.58 ppm) concentration by the region designated
"L."
A lateral crosswind between 2 and 16 m/s was simulated in a 3D computational
domain. For a 4.3-m (14-ft) exhauster stack, we found the maximum ammonia concentration levels to be 3.7 m (12 ft) AGL and within 61 m (20 ft) directly downwind
of the stack to be less than 0.5 ppm. These 3D calculations confirmed that the atmospheric downdraft condition is the most severe condition analyzed in this study.
This analysis shows that if the exhauster ventilation stack is at least 4.3 m (14-ft)
high, operating personnel working within a 6.1-m (20-ft) radius of the stack and below 3.7 (12 ft) AGL will not be exposed to ammonia concentrations above the limiting TLV of 25 ppm. Ground-level
ammonia concentrations greater than 61 m (200
ft) also will not exceed the TLV.
REFERENCES
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ABSTRACT
An analytical study was performed to determine the dispersion of toxic
gases created during core sampling, using a rotary drill assembly in the
waste tanks located at the Hanford Waste Tank Farm. This study was used
to finalize the design of a gas exhauster that will remove waste gases from
the tank during drilling of the core samples.
The gas dispersion calculations using the GASFLOW code to predict the
transport and mixing of the waste gases for a variety of atmospheric conditions are presented in this report. Both two- and three-dimensional
calculations were performed. The calculational results determined a minimum exhauster stack height requirement for the atmospheric conditions
analyzed.
INTRODUCTION
The results of an analysis justifying the design of a waste exhauster for use in support of
rotary core sampling activities at the Hanford Waste Tank Farm 1 are presented. The
exhauster was designed to remove waste gases from a waste storage tank during the
rotary core drilling process.
Some of the waste gases are potentially very hazardous and must be monitored during
the exhauster's operation.
If the toxic gas concentrations in specific areas near the
exhauster exceed minimum threshold limit values (TLVs), personnel must be excluded
from the area. An equipment operator will be located within a 20-ft radius of the
exhaust stack, and his/her head will be at an elevation of 12 ft above ground level
(AGL). Therefore, the maximum exhaust gas concentrations at this location must be
below the TLV for toxic gases.
The exhauster stack height is of interest because an increase in stack height will alter the
gas concentrations at critical locations. The exhaust stack currently is approximately
15 ft high. If the calculated gas concentrations are above the TLV, the stack height may
need to be increased until the gas concentrations are within the TLV at a radius 200 ft
from the stack.
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Two- and three-dimensional
(2D and 3D) GASFLOW computing domains were developed to model the currently designed exhauster stack and adjacent terrain. The 2D
computational domain consists of a cylindrical geometry mesh for calculating downdraft atmospheric flow; the 3D Cartesian geometry mesh was used to simulate lateral or
crosswind flow with respect to the vertical exhauster stack. Transport and mixing
calculations were performed to determine the exhaust gas concentrations for comparison with the TLV based on Westinghouse
Hanford Company (WHC) inputs for the
stack gas mixture and the local meteorological conditions. 2
GASFLOW FLUID DYNAMICS

CODE

GASFLOW, 3 a descendent of the hydrogen mixing study (HMS) computer code, 4 is a
finite-volume code for solving transient, 3D, compressible Navier-Stokes equations with
multiple gas species. The code is designed to be a best-estimate tool for predicting the
transport, mixing, and combustion of flammable gas mixtures in nuclear reactor containments and nuclear facility buildings. The computational domain is discretized by a
mesh of rectangular parallel-piped
cells in either Cartesian or cylindrical geometry,
where primary hydrodynamic variables are cell-face-centered normal velocity and cellcentered density, internal energy, and pressure.
A linearized Arbitrary-LagrangianEulerian method 4 is used to approximate the solution to the mass, momentum, and
energy conservation equations.
GASFLOW SIMULATIONS
2D Exhauster Model
To quantify the concentrations of exhaust gases in the region from ground level to the
top of the exhauster, we performed GASFLOW steady-state calculations using constant
200-ft3/min (10.668-m/s)
exhauster flow with the atmospheric conditions shown in
Table I. The exhauster vent was assumed to be 14 ft high and 4 in. in diameter. The
exhaust temperature of the waste gases was assumed to be constant at 70°F for all cases.
The volume under consideration is a cylindrical region 30 ft (9.144 m) high and 30 ft
(9.144 m) in radius centered axially on the vertical vent pipe. The velocity vector field
simulating the exhauster flow and subsequent mixing in this region was calculated for
the downdraft velocities given in Table I.
Boundary Conditions.
The axis of symmetry is the west (left) boundary.
The east
(right) side is modeled as a hydrostatic pressure boundary that allows int_ow or outflow
as a function of conditions inside the domain. The bottom boundary, representing the
ground and the inflow to the exhauster, is modeled as a free-slip (zero-skear-stress) surface except where the exhauster is located; the exhauster is modeled as a vertical velocity of 200 ft3/min (10.688 m/s).
The top side is modeled with a specified velocity
condition simulating an atmospheric downdraft. The inside and outside surfaces of the
pipe are modeled with the free-slip condition.

TABLE l
BOUNDARY

CONDITIONS
Case
Number
1
2
3
4
5

FOR GASFLOW ANALYSES USING THE 2D MODEL
Exhaust
Temperature
(°F)
70
70
70
70
70

Atmospheric
Temperature
(°F)
70
70
70
-20
115

Downdraft
Velocity
(m/s)
4
8
2
8
8

Numerical Discretization.
The computational domain is discretized by a grid of 30
nonuniformly spaced cells in the radial direction and 30 uniformly spaced cells in the
vertical direction. The radial cell dimensions increase geometrically from 2 in. (5.08 cm)
at the center line of the exhauster to nearly 2 ft (60 cm) at the outer radial boundary.
The vertical cells are all I ft (30.48 cm).
Turbulence Model. The diffusive transport of mass, momentum, and energy is simulated in the code with an algebraic turbulence model that assumes (1) 10% of the kinetic
energy of the flow is contained in the turbulent fluctuations and (2) a mixing length of
30.48 cm.
Source Term. In our analysis, the exhaust gas source consisted of air and ammonia for
all of the GASFLOW calculations.
Air was selected as one of the gases based on the
maximum concentrations of the expected gases composing the exhaust gas mixture
identified by WHC 2 (Table II). The molecular weight of each gas specie was weighted
by its maximum concentration to compute an average molecular weight for the total gas
mixture. As shown in column 6, "Molecular Weight (weighted)," of Table II, the average molecular weight of the gas mixture is 28.9882. This is slightly greater than that for
air and justifies our decision to use air as a source gas. Ammonia also was selected because its maximum concentration was second to that of air. When we compared the
maximum concentrations of all the gas species and normalized the results to the TLV of
ammonia, we found that the normalized TLVs are all less than their actual TLV. These
results are shown in the last column of Table II and provide further justification for
using air and ammonia as the gas species.
3D Exhauster Model
Additional GASFLOW steady-state calculations were performed with two different 3D
models of the volume surrounding the 14-ft-high exhauster to analyze the effects of
lateral atmospheric winds on mixing and diluting the waste gas concentrations near the
ground and to the top of the exhauster pipe. The exhaust temperature of the waste
gases and the atmospheric temperature was assumed constant at 70°F for all cases.

TABLE II
ANTICIPATED

_.

EXHAUST GASES FOR HANFORD

Contaminant

Chemical
formula

Maximum
concentration
(ppm)

Molar or
volume
%

Acetone

CH3COCH3

58.08

160

0.016

Butanol

C4H9OH

74.12

400

Benzene

C6H6

78.11

Octane

C8H18

Methylamine
Carbon
tetrachloride
Ammonia

Threshold
Lmitvalue
(TLV)

TLV
ratioed to
NH3

0.0093

20,000

750

5.71

0.040

0.0296

8000

50

14.29

10

0.001

0.0008

2000

10

0.36

114.23

10

0.001

0.0011

3750

300

0.36

CI-I3NH2
CC14

31.06
153.82

80
5

0.008
0.001

0.0025
0.0008

100
300

10
5

2.86
0.18

NH3

17.03

700

0.070

0.0119

500

25

25.00

HCN

27.03

110

0.011

0.0030

55

10

3.93

HNO3

63.01

50

0.005

0.0032

100

2

1.79

Carbon
disulfide

CS2

65.13

5

0.001

0.0003

500

10

0.18

Hydrogen
sulfide
Air

H2S

34.08

5

0.001

0.0002

300

10

0.18

----

28.97

998,465

99.847

28.9255

....

Average
molecular
weight-->

Molecular
weight
(weighted)
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IDLH
(ppm)

Hydrogen
_nide
Nitric acid

Mc
weight
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I 28.9882

i

35659.46

The volume under consideration for the first set of calculations (Cases 6 through 9 in
Table UI) was a rectangular region 30 ft (9.144 m) high, 30 ft (9.144 m) downwind from
the vertical exhauster pipe, and 20 ft (6.096 m) horizontally normal to the crosswind.
The velocity vector field simulating the exhauster flow and subsequent mixing in this
region was calculated for the lateral crosswind velocities given in Table III. GASFLOW
calculations used a constant 200-ft3/min (10.668-m/s) exhauster flow and investigated
the waste gas concentrations within 30 ft of the exhauster pipe.
The volume under consideration for the second 3D calculation (Case 10 in Table III) was
a rectangular region 120 ft (36.6 m) high, 307 ft (93.5 m) downwind of the vertical
exhauster pipe, and 295 ft (90.0 m) horizontally normal to the crosswind. The velocity
vector field simulating the exhauster flow and subsequent mixing in this region was
calculated for a single lateral crosswind velocity of 26.2 ft/s (8 m/s). These calculations
investigated the waste gas concentrations within 300 ft of the exhauster pipe. To save
on computer time for this calculation, we enlarged the exhauster pipe cross-sectional
area by a factor of 100; thus, the velocity had to be reduced by a factor of 100 to preserve
the mass flow rate. This GASFLOW calculation used a constant 2-ft3/min (0.10668m/s) exhauster flow. This is a conservative modeling procedure for this simulation
because the exhauster vent gases do not jet vertically with nearly the momentum as the
actual physical case. This means the vent gases are less mixed during the venting phase
and remain closer to ground level.
Boundary Conditions.
The specified cross-flow condition was located on the west
(left) boundary. The east (right) side was modeled as a hydrostatic pressure boundary
that allows inflow or outflow as a function of conditions inside the domain. The bottom
boundary, representing the ground and the inflow to the exhauster, was modeled as a
free-slip (zero-shear-stress) surface except where the exhauster is located, which is modeled as a vertical velocity of 200 ft3/min. The north and top sides were modeled as rigid
free-slip boundaries, whereas the south boundary represented a flow symmetry condition. Therefore, it was sufficient to model only half the vent pipe cross-sectional area.
The inside and outside surfaces of the pipe were modeled with the free-slip condition.

TABLE III
BOUNDARY

CONDITIONS

FOR GASFLOW ANALYSES

USING THE 3D MODEL
Lateral

I

Case
Number
6
7
8
9
10
II

Velocity
(m/s)
2
4
8
16
8
---

......
Lateral

m

Region of
Interest (ft)
<30
<30
<30
<30
<200
I I

Exhauster
Vertical
Velocity (m/s)
10,688
10.688
10.688
10.688
0.10688
II

i

I

q

Numerical Discretization.
The computational domain is discretized by a grid of 33
nonuniformly spaced cells in the lateral wind direction, 25 nonuniformly spaced cells in
the horizontal normal-to-the-wind
direction, and 30 nonuniformly
spaced cells in the
vertical direction.
Turbulence Model.
The diffusive transport of mass, momentum, and energy is simulated in the code with an algebraic turbulence model that assumes (1) 10% of the kinetic
energy of the flow is contained in the turbulent fluctuations and (2) a mixing length of
30.48 cm.
GASFLOW RESULTS
The calculational

results for the 2- and 3D exhauster venting models are discussed here.

2D Exhauster Model Results
The boundary conditions specified in Table I indicate that for Cases 1 through 3, the
velocity of the downdraft was the only parameter varied for these calculations.
The
maximum ammonia concentrations and the radial locations of these maximum concentrations at 12 ft AGL are summarized in Table IV. Also, the concentrations at 12 ft AGL
and a 20-ft horizontal distance from the stack are given in Table IV. In these three cases,
the maximum ammonia concentrations at the 12-ft levels do not differ significantly as
the downdraft velocity increases. The most noticeable differences between these three
cases are the radial distributions of the ammonia. The maximum dose at the 12 ft AGL
is nearly the same for the 2-m/s and 4-m/s downdraft cases, i.e., 2.06 ppm vs 1.83 ppm,
respectively. The radial location of these maximum doses decreased from 8.53 ft for the
2-m/s case to 6.73 ft for the 4-m/s case. Higher ammonia concentrations occurred
nearer to the exhauster as the downdraft velocity was increased above 4 m/s. In all
cases, the concentrations are well below the TLV of 25 ppm for ammonia. The ammonia
dose at 12 ft AGL and 20 ft from the stack, i.e., the expected location of the exhauster
operator, are negligible for these three cases.
Overlay plots of velocity vectors and ammonia concentration contours are shown in
Figs. 1 and 2 for Cases I and 2, respectively. These two figures show the differences in
the radial distribution of the ammonia and of the location of the stagnation point of the
exhaust gas jet (or jet turnaround point) as the downdraft velocity is varied from 4 to 8
m/s. All dimensions in these figures are in centimeters, with the abscissa showing the
radial length of the computing domain and the ordinate showing the axial height of the
domain.
The stagnation location of the exhaust gas jet occurs at about 23 ft (0.70 m) AGL for Case
1 and nearly 16 ft (0.50 m) AGL for Case 2. The higher downdraft velocity (8 m/s) for
Case 2 is responsible for the lower stagnation point of the gas jet as compared to that
shown in Fig. 1 for Case 1 where the downdraft velocity was 4 m/s. Consequently, the
radial distribution of the ammonia concentration was directly affected by the higher
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TABLE IV
MAXIMUM

CONCENTRATION

OF AMMONIA

FOR VARYING

DOWNDRAFT

VELOCITIES

Downdraft
Velocity
(m/s)
"

Ammonia Concentration (ppm)
M_xi-mum
Distance
Dose at 12 ft AG'L,

-

Dose at 12 ft
AGL
I"I

'

from Stack
(ft)
'

'"

and 20 ft from
Stack

'

I

2

2.06

8.53

<1

4

1.83

6.73

<1

8

3.70

2.95

....

Irl_

.=

<1

downdraft velocity of Case 2 because the magnitude of the radial distribution
less for this case.

is much

The ambient temperatures were set to the extreme temperature limits experienced at the
Hanford Site for the last two calculations. Ambient temperatures of-20 and 115 ° F were
specified for Cases 4 and 5, respectively.
The downdraft velocity was 8 m/s, and the
exhaust gas temperature was 70 ° F for both cases. The ammonia concentrations were
nearly identical to the 70°F case, i.e., Case 2, for both Cases 4 and 5. The results from
these two calculations showed that the ambient temperature does not affect the ammortia concentrations within the computational volume. The rather high exhauster velocity (10.688 m/s) acts as a strong vertical jet, resulting in a quick thermal equilibration of
exhauster and atmospheric gases.
3D Exhauster Model Results
To investigate the effects of a side or crosswind, we performed calculations for the
conditions listed in Table III. Cases 6 to 9 provide information on the dose received by
operations personnel within 20 ft directly downwind of the exhauster and 12 ft AGL.
These results are shown in Table V. The maximum dose is less than 0.5 ppm of ammonia for an 8-m/s crosswind. As the lateral crosswind increases, there is enhanced mixing because of increased turbulence, whereas the vertical exhauster jet penetrates higher
into the atmosphere for decreased crosswinds, thus diluting the ammonia concentration
above the 12-ft level.
This effect is shown in the comparison of Figs. 3 and 4. In Fig. 3 we present the 2-m/s
cross flow calculation with velocity vectors and ammonia concentration contours. The
exhaust jet generally is lofted much higher than the top of the 14-ft stack, with the minimum ammonia concentration contour equaling less than 12 ppm. From Table V, we
notice that the maximum ammonia concentration at 12 ft AGL is less than I ppm within
20 ft downwind of the stack. From Fig. 4, we see the exhaust jet quickly mixes with the
cross flow to form a horizontal plume with a minimum ammonia concentration contour

TABLE V
MAXIMUM

CONCENTRATION

OF AMMONIA

FOR VARIOUS LATERAL CROSS -WIND VELOCITIEs
__ncentratio_
Crosswind ! Maximum
Velocity
I Dose at 12 ft
(m/s)
AGL
2

Dose at 12 ft
AGL Downwind 20 ft

0.13

0.13

0.45

0.45

0.37

0.37

of less than 9 ppm. The ammonia concentration is less than 0.5 ppm 2 ft below the 12-ft
stack top. When the cross-flow velocit._ _is increased to greater than 8 m/s, the turbulent
mixing is greater and the ammonia concentration levels decrease, as shown in Table V.
To examine the ammonia concentrations at ground level 200 ft downwind from the
exhauster pipe, we expanded ".hecomputational domain to 90 n_ (295 ft) in the direction
of flow. For this case (Case 10), we selected the crosswind velocity (8 m/s) of Case 8,
which gave the highest ammonia concentration below 12 ft AGL. The results showed
that there were no ammonia concentrations at ground level above 0.5 ppm from the exhauster stack out to nearly 300 ft. Additional calculations, not presented here, indicate
that when the cross velocity is increased or decreased from 8 m/s, ground level doses
decrease below the _,evels in Case 10.
SUMMARY AND CONCLUSIONS
Summary
We have examined the composition

:

of the waste gas that is expected

to be vented to the

atmosphere during rotary core sampling activities. The molecular weight was calculated to be 28.9882, which is only 0.06% greater than air at 28.97. Further examination of
the waste gas composition showed that ammonia was in the highest concentration relarive to its TLV. Based on these considerations,
all analyses were performed with the
two-component

system of air (99.93 mol %) and ammonia (0.07 mol %).

To investigate buoyancy affects, we assumed the waste gas was a constant 70°F and the
atmosphere varied between -20 and 115°F. The results of this study showed that the
waste gas jetting vertically into the atmosphere quickly came to thermal equilibrium
with the atmosphere.
We concluded that buoyancy effects were of secondary impor-
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tance; therefore, we completed this study assuming thermal equilibrium between waste
gas and atmosphere.
A strong atmospheric downdraft is considered to be the most severe condition for
ammonia concentrations near the exhauster stack. We assumed that the stack was 14 ft
high, and we modeled this flow configuration with a 2D cylindrical computational
domain. For operations personnel located within 20 ft of the stack and 12 ft AGL, we
computed maximum ammonia concentrations of less than 4 ppm for downdraft
velocities up to 8 m/s (26 ft/s).
A lateral crosswind between 2 and 16 m/s was simulated in a 3D computational
domain. For a 14-ft exhauster stack, we found the maximum ammonia concentration
levels 12 ft AGL and within 20 ft directly downwind of the stack to be less than 0.5 ppm.
These calculations confirmed that the atmospheric downdraft condition is the most
severe. Additional 3D simulations for up to nearly 300 ft downwind of the stack
indicated ammonia ground-level concentrations are less than 0.5 ppm.
Conclusions
The bottom line for this analysis is that if the exhauster ventilation stack is at least 14 ft
high, operating personnel working within a 20-ft radius of the stack and below 12 ft
AGL will not be exposed to ammonia concentrations above the TLV. Ground-level
ammonia concentrations out to 300 ft also will not exceed the TLV. Because the waste
gas composition is highest in ammonia content, none of the other gases listed in Table II
will exceed their respective TLVs.
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