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DISCLAIMER

LEGAL NOTICE This report was prepared by the Chemical Hazards Research

Center at the University of Arkansas as an account of work sponsored by

the U.S. Department of Energy (DOE). Neither DOE or its members, or the
Chemical Hazards Research Center or its members, or any person acting on
behalf of either:

a. Makes any warranty or representation, express or implied, with
respect to the accuracy, completeness, or usefulness of the
information contained in this report, or that the use of any
apparatus, method, or process disclosed in this report may not
infringe privately owned rights; or

b. Assumes any liability with respect to the use of, or for
damages resulting from the use of, any information, apparatus,
method, or process disclosed in this report.

References to trade names or specific commercial products, commodities,
services, or numerical models in this report do not represent or
constitute an endorsement, recommendation, or opinion of suitability by
DOE or the University of Arkansas of the specific commercial product,
commodity, service, or numerical model.
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SUMMARY

The Environmental Protection Agency and the Department of Energy are
conducting chemical evaporation rate experiments in the DOE’s Liquefied
Gaseous Fuels Spill Test Facility (LGFSTF) wind tunnel to determine the
effect on evaporation rate of pool temperature and wind speed.
Evaporation rates measured in these tests will be used to verify
mathematical models used to define the source (gas) rate inputs to
dispersion models.

In preparation for the experiments the LGFSTF tunnel has been modified
to provide for the simulation of an atmospheric boundary layer flow on
the tunnel floor. This report describes work performed by the DOE
Modeling Support Center at the University of Arkansas to define
(characterize) the turbulence properties in the boundary layer of the
(modified) wind tunnel test section.

Hot wire anemometry measurements were made to characterize the boundary
layer flow over the evaporation test pan. Mean velocity and turbulence
statistics were measured along a vertical line (extending from 0.5 cm to
60 cm above the tunnel floor) located on the tunnel centerline
immediately upwind of the evaporation pan.

The x-direction mean velocity data were analyzed to estimate the
applicable values of the surface roughness and friction velocity for
four tunnel (variable frequency controller) speed settings: 15 Hz,
30 Hz, 45 Hz, and 60 Hz.

The following values for z, and u, are recommended.

- 4.8%10"% m
For 15 Hz fan speed, ug, = 0.0835 m/s
For 30 Hz fan speed, u, = 0.171 m/s
For 45 Hz fan speed, u, = 0.263 m/s
For 60 Hz fan speed, u, = 0.370 m/s
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INTRODUCTION

The Environmental Protection Agency and the Department of Energy are
conducting at the DOE’s Liquefied Gaseous Fuels Spill Test Facility
(LGFSTF) a cooperative research program to study the consequences of
accidental releases of hazardous chemicals. The research program,
designed to address requirements of the Clean Air Act, is currently
divided into two parts:

Baseline dispersion experiments. Carbon dioxide is used as a
surrogate (denser-than-air) gas to study atmospheric
dispersion. Controlled-rate releases of carbon dioxide from
ground level low-momentum sources (to simulate evaporation from
liquid pools) with dispersion over smooth, flat terrain are
being performed to provide data sets for mathematical model
verification. The baseline experiments will also provide a
basis for comparison with experiments planned to determine the
effects on dispersion of flow obstacles (such as buildings) and
nonuniform terrain. . Experiments are being conducted in neutral
as well as stable meteorological conditions (stable conditions
normally constitute the greatest hazard to the public).

Chemical evaporation rate experiments. Wind tunnel

(controlled) experiments will determine the effect on
evaporation rate of pool temperature and wind speed for
hazardous chemicals. Evaporation rates measured in these tests
will be used to verify mathematical models used to define the
source (gas) rate inputs to dispersion models. Initial
experiments are planned to study evaporation of ammonia and
chlorine. Experiments will be conducted in the LGFSTF wind
tunnel.

The chemical evaporation rate experiments are being performed in the
LGFSTF wind tunnel in orxrder to provide for accurate specification and
control of the wind conditions. The LGFSTF wind tunnel was constructed
by an industry consortium in the late 1980’'s to study water curtain
mitigation of hazardous chemical releases. The tunnel was designed to
provide a uniform flow (over the tunnel cross-section).

In preparation for the proposed chemical evaporation rate experiments
the LGFSTF tunnel has been modified to provide for the simulation of an
atmospheric boundary layer fléw on the tunnel floor. The boundary layer
generation facilities were installed in the tunnel in early 1995 by the
Western Research Institute. The DOE Modeling Support Center (MSC) at
the University of Arkansas performed measurements in late February,
1995, to define (characterize) the turbulence properties in the boundary
layer of the (modified) wind tunnel test section. This report describes
the work performed and the results obtained by the MSC.




MODIFICATIONS TO THE LGFSTF TUNNEL FOR THE
CHEMICAL EVAPORATION RATE EXPERIMENTS

The purpose of this section is to briefly describe the LGFSTF tunnel and
the modifications performed by Western Research Institute to provide a
simulated atmospheric boundary layer flow in the tunnel test section.
Figure 1 is a photograph of the LGFSTF tunnel taken at the time of the
(characterization) measurement program in late February 1995. The
central section of the tunnel is 96 feet long, 8 feet wide, and 16 feet
tall. Wind is pulled through the tunnel by an 84-inch axial fan
(located at the left end of the tunnel in Figure 1) which provides for
wind speeds to about 6.5 m/s. The tunnel inlet (right end of tunnel in
Figure 1) is fitted with an inlet contraction (approximately 3.6:1)
designed to reduce turbulence in the inlet flow. (The reflecting
surface in Figure 1 is water; the lake bed was covered with water to a
depth of 2-3 inches following rains in January-February.)

Figure 2 shows elevation and plan views of the tunnel along with details
of the section of the tunnel which has been modified for the chemical
evaporation experiments. The description is limited to those features
which are important to the description of the.simulated atmospheric
boundary layer (designed specifically for the evaporation experlments)
and to the the description of the measurements reported here.

The experiments are designed to provide measurements of the evaporation
rates of chlorine and ammonia into a (simulated) atmospheric boundary-
layer flow. The primary variables to be considered are liquid (pool)
temperature (which will be controlled at a desired setting) and the wind
speed. The evaporation rate will be determined by measuring the rate of
liquid weight loss from an evaporation pan. The evaporation rate
measurement pan is positioned on the tunnel centerline so that the
surface of the liquid in the pan is flush with the wind tunnel floor
(Figure 3, looking upwind). Measurements of the evaporation rate will
be made from the pan on the tunnel centerline. Two additional pans
(downwind and to either side of the test pan) are used as intermediate
fluid reservoirs to facilitate liquid level control in the test pan.

A (simulated) atmospheric boundary layer is generated with "Irwin spire"
turbulence generators followed by a surface roughness section which
extends to the (evaporation pan) measurement test section. The spire
turbulence generators (fabricated by WRI) were constructed of /2
plywood Eight spires are positioned across the tunnel (separation
distance = 1 foot) approximately 4 feet downwind of a 3/8" cell size
honeycomb flow straightener (Figure 4, looking upwind). Each spire
comprises a triangular shape 22 3/8" tall with a base dimension of

2 7/8". The triangular spire is placed perpendicular to the wind. A
1/2" thick, right triangular stiffener with a 6" base (dimension) and 19
1/8" height is attached to the downwind side of the spire to provide for
rigid attachment to the tunnel floor. The wind tunnel floor immediately
downwind of the spires, extending approximately 12 feet downwind to the
evaporation pan, is covered with rectangular shape roughness elements
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(Figure 5, looking downwind). The individual roughness element
dimensions are 3/4" x 3/4" by 1.5", and the elements are laid out in a
staggered array (6" centers) with the long dimension of the elements
horizontal and perpendicular to the wind direction.

MEASUREMENTS PERFORMED TO CHARACTERIZE
THE SIMULATED ATMOSPHERIC BOUNDARY LAYER

Wind Tunnel Fan Calibration

The LGFSTF tunnel was originally designed to provide for only two or
three different operating speeds, and speed selection was accomplished
by changing the motor/fan-shaft (belt-driven) pulley ratio. In 1994,
the LGFSTF wind tunnel fan was fitted with a variable frequency
controller (VFC) to allow for variable speed selection. Since no
calibration of the VFC had been done, the MSC performed in late 1994 a
calibration of the tunnel centerline wind speed vs. VFC setting (0 to
60 Hz) in preparation for the wind tunnel characterization reported
here. The wind speed vs. VFC setting calibration was performed in the
empty tunnel (neither the boundary layer. generation equipment nor the
honeycomb flow straightener was installed). The wind velocity was
measured on the tunnel centerline approximately 20 feet from the
downwind end of the rectangular (8 feet by 16 feet) test section.

The wind (mean) velocity was measured with a TSI Model 8450 air velocity
transducer powered with a TSI Model 8910 display/power supply. The
display/power supply provides 12 volt power to the transducer, accepts a
0-5 volt signal from the transducer, and displays an output that is
linearly proportional to the signal. The transducer was calibrated by
TSI using standards traceable to the National Institute of Standards and
Technology, and the velocity measurements are considered to be accurate
to within 1.5% of reading. The wind tunnel centerline velocity was
measured at 5 Hz (VFC setting) increments from 5 Hz to 60 Hz. Wind
speed and direction were monitored from the LGFSTF Meteorological Tower
(located approximately 100 meters southwest of the tunnel) during the
calibration.

Figure 6 illustrates the resulting calibration. Figure 6 shows three
(repeat) measurements of the (mean) velocity at each VFC setting along
with the straight line curve through the mean of the repeat measurements
at each VFC setting. Figure 6 also indicates three (repeat) readings,
at 30 and 60 Hz VFC settings, “obtained when the air velocity sensor was
positioned about 18" from the side wall of the wind tumnel (at ~8 feet
height) approximately 5 feet downwind of the centerline position, as
well as the mean value of the repeat readings. Last, per request by the
LGFSTF facility_manager, Figure 6 indicates the tunnel volumetric flow
rate in CFM (ft3/min), estimated as centerline velocity times tunnel
cross sectional area times 0.9, as a function of VFC setting. The
calibration curve of centerline wind speed vs. VFC setting is linear,
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and it appears to have been influenced minimally by the exterior wind
speed and direction variability experienced during the calibration
period (Figure 7).

Wind Tunnel Boundary Laver Characterization

Measurements were made to characterize the boundary layer flow over the
evaporation test pan. The mean velocity and turbulence statistics were
measured along a vertical line (extending from 0.5 cm to 60 cm above the
tunnel floor) located on the centerline, approximately 2 inches upwind
of the upwind edge of the liquid (Figure 8). Measurements were made at
elevations 0.5 cm, 1.5 em, 2.7 cm, 4.2 cm, 5.9 cm, 8.0 cm, 10.5 cm,

13.5 em, 17.1 cm, 21.4 cm, 26.6 cm, 32.8 cm, 40.3 cm, 49.2 cm, and

60.0 cm, for each of four VFC settings; 15 Hz, 30 Hz, 45 Hz, and 60 Hz.
Two measurements (at different times) were made at each position.

The measurements were made with a TST Model 1500 Series FLOWPOINT
thermal anemometer-based system. The FLOWPOINT unit is a two-channel
constant temperature anemometer with built-in signal conditioning and
with a thermocouple circuit for measuring fluid temperature and
correcting for variations therein (Figure 9). For this application, the
two channels were connected to a TSI 1248-10 sub-miniature X-film
sensor, and the X-film sensor was oriented to measure the x-direction
(alongwind) and y-direction (vertical) components of the velocity.

The X-film sensor was mounted on a TSI Model 1191 1l-axis traverse system
which interfaced with the FLOWPOINT software to provide for (remote)
computer positioning of the X-film in the wind tunnel (see Figures 5

and 8). Figure 10 shows the X-film sensor positioned for the
measurement at 0.5 cm height (Note that the first two measurements in
the vertical profile, at 0.5 cm and 1.5 cm, are below the height of the
roughness elements). The measurement system (except for the traverse-
mounted-sensor) was located on the wind tunnel (outside) catwalk under a
temporary shelter fabricated with plywood (Figure 11).

The X-film anemometer sensor was calibrated each day immediately before
the measurement period (errors due to sensor drift should be
negligible). The sensor was calibrated by placement on the centerline
of a laminar-tube-flow. A 1/2" Plexiglass tube (approximately 60"
length) was used to provide the laminar calibration flow. Bottled
(breathing) air, controlled and measured with an MKS mass flow control
system, was directed through the tube to achieve (centerline) air
velocities spanning the calibration range of interest.

Measuremenits in the boundary layer were made with different sampling
periods and at different sampling rates as follows:

15 Hz fan speed - 100 Hz for 102 seconds
30 Hz fan speed - 200 Hz for 51 seconds
45 Hz fan speed - 200 Hz for 51 seconds
60 Hz fan speed - 200 Hz for 51 seconds
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Hot Film Velocity Sensor
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Figure 9. Functional overview of hot wire anemometer system
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For each of the measurements, the first four moments about the mean of
each vector component; Ml’ M2, M3, and M4, are defined as

1 n
Mp(xi,0) = - = xk
n i=1

where x; is the it data point in the sequence of length n.

For each of the velocity components, the following statistical
parameters (constructed from its moments) are computed:

1. wvelocity mean: U =M

M, - u2)1/2

-
I

2. standard deviation:

3. turbulence intensity: T (T/Ml)xlOO

.. ) _ 3y,.3
4. skewness coefficient: 6y = (M5 - 3M2M1 + 2M1)/T
5. flatness coefficient: 6, = (M, - 4MjM; + 6M M2 - 3M%)/r%
By combining the statistics for the two velocity components, the
following values are calculated for the X-film-probe, where the x

component is designated with the subscript u and the y component is
designated with the subscript v:

1. resultant velocity: V = (Uﬁ + U‘%)l/2
2. direction angle: Gu = cos'l(Uu/V)
3. shear stress (covariance): cov(u,v) ='1/n (ecp(u,v) - nUqu)
4. correlation coefficient: r(;,v) = cov(u,v)/(rufv)
n
where cp(u,v) = Z uivy

i=1

The velocity statistics for the data sets selected for analysis (several
of the first data sets measured were trials to optimize the sampling
period and frequency; they were not used) are included as Appendix A.
The primary statistics of interest are presented graphically in Figure
12 as follows:
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Uu mean velocity (x-component)

Ta standard deviation (x-component)
T, turbulence intensity (x-component)
514 skewness coefficient (x-component)
694 flatness coefficient (x-component)
. direction angle (from x-direction)
cov(u,v) covariance, or shear stress

r(u,v) correlation coefficient

U, mean velocity (y-component)

Ty standard deviation (y-component)
61V skewness coefficient (y-component)
L. flatness coefficient (y-component)

alr temperature

Figure 12 (as well as Appendix 1) includes all data taken for
characterization of the wind tunnel boundary layer at the four wind
speeds 15 Hz, 30 Hz, 45 Hz, and 60 Hz.

The exterior wind speed and direction were monitored during the
(characterization) measurement period. However, the wind was
essentially calm during the entire period, and the wind speed and
direction are not presented here.

CONCLUSIONS

Quality checks of the data indicated no serious errors or omissions.

The - mean velocity vertical profiles (reflecting 50 and 100 second
averaging times) were smooth, indicating a stable boundary layer flow at
the evaporation measurement pan location.

The turbulence intensities (horizontal and vertical components) were
typical of wind tumnel rough-surface boundary layers. It appears that
the turbulence intensities above the boundary layer are higher than are
typically observed in an environmental wind tunnel (> 5% in the LGFSTF
tunnel compared to less than 1% in the MSC and EPA wind tunnels). This
is probably due to the absence (in the LGFSTF tunnel) of turbulence
damping screens. .

Skewness and flatness coefficients were representative of near-Gaussian
probability density distributions.

Direction angles (relative to the x-direction) were all less than two
degrees.

The measured values of shear stress were somewhat smaller than the shear
stress calculated by log-law fitting of the vertical mean velocity
profiles. Because of possible limitations on resolution (by the 12 bit
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digital data acquisition system) of the velocity fluctuations, the log-
law fit values are recommended. '

The x-direction mean velocity data were analyzed to estimate the
applicable values of the surface roughness and friction velocity for
each of the four tunnel speeds. The lowest two data points, at 0.5 cm
and 1.5 cm elevation, were not used in the analysis because they are
below the height of the roughness elements (1.9 cm). All of the
remaining data, including two measurements at each measurement location,
were then used to estimate the zp and u, for each of the four tunnel
speeds, with the following results.

Fan Speed u* (m/s) zR (m) 95% confidence interval for zR
(upper) ' (lower)
15 Hz 0.0835  4.81x107%4 3.1x1074 6.5x10"%4
30 Hz 0.163 3.65x107% 2.5%107%4 4.8x10°%
45 Hz  0.277  6.51x107% 4.3x107% 8.8x10™%
60 Hz 0.390 6.55x107%4 4.8x107% 8.3x10"%4

Since there was no definite trend in the values of surface roughness
values indicated (as a function of the wind speed), zp = 4.8x10"" m was
selected (representing the entire data set within the 95% confidence
interval) and the values of friction velocity were redetermined, with
the following (recommended) results.

zp = 4.8x107% m

For 15 Hz fan speed, u, = 0.0835 m/s
For 30 Hz fan speed, uy = 0.171 m/s
For 45 Hz fan speed, uy, = 0.263 m/s

For 60 Hz fan speed, uy, = 0.370 m/s
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Appendix

Summary of Boundary Layer Characterization Data
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