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ABSTRACT 

Stably stratified flow over a 1: 12, 000 scale model of the U. S. 

Naval Missile Facility at Point Arguello, California was studied in the 

Army Meteorological wind tunnel of the Fluid Dynamics and Diffus ion 

Laboratory at Colorado State University. Mean .temperature, mean 

velocity and mean concentration distributions obtained for the labora­

tory flow were compared with a v ailable field da ta collected at the site. 

These comparisons revealed that t he geometrical, dynamic and _thermal 

similarity were sufficiently achieved to give similar :mean flow patte rns, 

temperature distributions and concentration decay rates for diffus ing 

tracers. 

The data revealed that a laminar laboratory fl ow may be used 

to simulat e a turbulent field flow under conditions of stable thermal 

stratification and complex terrain. In such flow conditions, diffusion 

is dominated by convective dispersion. 
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I. INTRODUCTION 

A wind-tunnel study of Point Arguello was motivated by the 

d«:sire to estimate the diffusion characteristics of toxic gases which 

might be released in the vicinity of missile launch sites on the U. S. 

Naval Missile Facility. A necessary condition for the modeling of 

diffusion characteristics is that mean flow patterns over a scale model 

of the terrain be established which are similar to t hos e in the prototype. 

Accordingly, the primary purpose of this study was to determine if 

wind patterns observed in a wind tunnel over a 1: 12, 000 scale model of 

the Point Arguello area are representative of ac tual w ind patte rns 

observed in the field. Dur ing this study, conducte d in the Army 

Meteorological Wind Tur_nel of the Colorado State University Fluid 

Dynamics and Diffusion _,aboratory, emphasis was placed on stably 

I 

stratified flows. This emphasis was required b y the fact that tr.e pro-

totype flows a re usually stably stratified. 

The s tudy was exploratory in nature since no attemp t had been 

made in previous studies to model wind patterns with thermal s tratifi-

cation using such a small s cale model with the exception of a 1 :50 , 000 

model study of the lee-wave formation downwind of Mt . Fuji by Abe (1) . 

Most of the previous wind-tunnel studie s of stably st ratified flows have 

been concerned only with the effect of stratification on turbulence 

intensity ( 4, 10) . The reasons for this previous emphasis were that. a 
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wind tunnel capable of creating flow with an adequately controlled 

density gradient had not been available and adequate field data fo !" 

comparison of laboratory inversion-flow res ults had n·ot been obta ine d. 

Specifically, the objectives of the present study were: 

1. determination of the optimum surface roughness, ambient 

wind speed, and thermal gradient in the approach flow to simulate 

prototype conditions, 

2. determination o f characteristic wind patterns over the 

1:12, 000 scale model, 

3. comparison of wind-tunnel results with available prototype 

data, and 

4. determination of the feasibility of simulating diffusion 

phenomena in the event satisfactory similitude is attained for the 

mean wind patterns. 



- =-- =- -- .-- - -- - - - . -· - ----

II. EXPERIMENTAL EQUIPMENT 

-
A. Wind Tunnel 

The recirculating meteorological wind tunnel,- driven by a 
·250- hp DC motor, contains an 88 ft long test section which.{s 6-x 6 ft 

in cross section. A 40 ft length of the test-sectton flo o_ , beginning 

32 ft from the upstream end, can be heated electrically or cooled by 

circulatir{g brin-e through the floor. In addition, the ambient tunne l air 

=- A set of fine screens reduces ambient turbulence to a level of 

..:_ - C. - ,::._. ..,..., ,-.-. "' ..-. -:: - - ,..., ,.... r-. - - ~..., C. • -: ,,.., C ~ .- .. - - - - ~· • C- ... - • ' ' -:: - "' " • - - ::, ~. 

about 0 .- 1 percent. A trip fence ( turbulence stimulator), located just 

--..... up_s.tre.am from thEt test section; serves to stabilize the flow pattern as 

well a·s to provide a thicker turbulent boundary layer than would e xist 

without it. A complete description of the wind tunnel can be found in 

Ref. 3. 

For this study a stabilized inversion flow was produced by 

heating the air and cooling the floor. A zero pressure gradient was 

maintained along the test section throughout all testing . 

B . Instrumentation 

1. Hot-wire anemometer--A constant temperature hot-wire 

a emometer was used to obtain mean velocity measurements over a 

range of velocities from 0. 3 to 7 . 0 ft/sec. The anemometer, con­

structed from tungsten-iridium wire, was 2 x 1 o-5 
in. in diameter 
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-2 
and approximately 4 x 10 in. long. This element was mounted 

vertically so that it was perpendicular to the essentially horizontal 

flow patterns. Calibration of the wire at low speeds was made on a 

rotating~~I'!l- ~ounted in a closed tank in whic h the speed of the rotating 

arm was calculated and compared to the hot-wire output . For larger 

fl I- ·t· ·t t t b d "T . II t d ow ve oc1 1es, a p1 o u e an a ranson1c pressure rans ucer 

were used . 

.::, _ - : : 2. Thermocouple--A copper-constantan thermocouple was used 

to measure mean temperatures. Output of the thermocouple was re­

corded on a Minneapolis -Honeywell single -channel recorder . 

3 • .:: Smoke--Smoke was used to define the fl.ow patterns for 

inversion flows which appeared above the surface of the model. Titanium 

tetrachloride was used to provide the dense smoke required for p hot o­

graphic purposes. 

4. Surface flow patterns--Indicator paint was applied to the 

surface of the model to faci itate development of flow patterns . The 

paint consisted of white w3.ter-base latex paint mixed with congo red 

(an organic indicator of pH intensity}. Diluted hydrochloric acid was 

applied to the painted surface which sensitized the surface to the 

presence of anhydrous a m monia. Anhydrous ammonia was then re­

leased from points of interest on the model surface into the air stream. 

·-· 
A trace of the diffusion plume of ammonia, kdicating the surface wind 

direction, showed as a pink streak on the blue background of the model. 
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5. Camera Equipment--During this study two cameras were 

used to record smoke and diffusion traces : ( a) a series 100 Polaroid 

camera with integrating shu ter utilizing both color and black and white 

films which allowed the results to be seen immediately, and (b) a 

speed-graphic camera utilizing 4 x 5 in. blac ,<:. and white film. 

C. Models 

A 11 the terrain models used in the study had as a base , one of 

the three 1: 12, 000 scale topographic models provided by the Navy . The 

plastic models were stiffened with plywood and fiberglass backing , and 

sand ( 0 . 0058 to 0. 0116 in . ) was glued to their surfaces to simulate 

natural roughness . The models were coated with indicator paint as 

previously described . 

On the basis of preliminary wind-tunnel tests, the mounta inous 

terrain east of the U. S. Naval Missile Facility appeared to 

influence the flow over the missile facility itself. In order that this 

influence might be include d in the model flow, an extension of the 

model was constructed. The area included in the extended model is 

shown in Fig. 1. The same grid appears on Y & D drawing No . 949885, 

General Development Map, U. S . Naval Missile Facility, Point Arguello, 

California. The point locations are identical to those identified in Ref. 2 . 
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III. FLOW SIMILARITY 

For flow patterns over the model in the wind tunnel to be 

representative of those in the prototype, simi arity in the therma l 

characteristics of the flow as well as in the dynamic structure of the 

flow was required. Similarity arguments indicate three primary 

criteria must be satisfied before flow similarity can be expected. 

These criteria are geomet rical similarity, Reynolds number similarity, 

and similarity in the approaching boundary·-layer flows (including 

thermal and dynamic characteristics). 

A. Geometrical Similarity 

Geometrical similarity was achieved through use of the 1: 12 , 000 

scale model supplied by the Navy and through the extension mentioned 

in sec tion II-C . The model scale was undistorted; i.e . , the vertical 

and horizontal scaling were both at 1 :12, 000. 

B. Reynolds-Number Similarity 

If the Reynolds number is based on the ambient velocity U ft/sec, 

the height of a characteristic feature H ft , and the kinematic viscosity 

v ft 2 /sec, then typical values of Reynolds for prototype and model are 

R = 
p 

(10) (2000) 
= ----- = 

-4 
1.5 x 10 

8 
1.3x10 



and 

R = 
m 

--
- C 

U H 
mm 

vm 

7 

= 
( 10) (2000) 

(1. 5 X 10 -
4

) (12 000) 
=1.1x10

4 

II'\ otl}~r words , the r atio R /R , when 1he same fluid, wind spe ed , 
p m 

<:I:? q?w regime ( e i_the : lamJ nar <?r -~u~~u~ent) a~~ used f~r t_~e n_icdel 

flow as are found i n the prototype flow, b ec ome s e qual to the scale 

ratio --1 :12 , 000 inth1s case . 

_For mintmizing the apparen': _ diss i m ilarity ~ugg~~t~ d by _!he 

large differenc e in R and R , there are t vo distinct aoproache:s - . - -- - - - p - m . . . - - - - - - - - -

available. When both flows a re t n t he tu r bulent s tate ove r e ss e nt ially 
- .. 

flat surfaces, the model may be roughene d to produce flow charac teris-

--- v .::- - - ·- - . 
tics corresponding to those found a t Re ynolds numbers larger than the 

actual value·. Thi s -approach de pend s upon -p r-oducing flows in whic h the 

fl~~-characte;i s ffc s -bec~me -co~~t~rit ( indep~n:lent -~f -R-~;~ol~~- n~ mber) 

. - - - - - ,,..-
if a lower limit of the Rey;;_o1~:fs-=- n-umber is exceeded. For example, the 

res·sta.nce coefficient for fl ow in a sufficie ntly rough pipe as shown in 

Schlichting (7, p . 521) is constant for a Reynol ds numbe r (mean flow 

4 
speed x p ipe diameter /ki ne m a tic viscosity) larger : han 2 x 10 This 

implies that the basic flow quantity of sur face shear stress T , is 
0 

directly proportional to the mean flow spe2d square d U 2 times t he 

fluid d e ns ity p -- -r a pU 2 
• 

0 
Thus , i f pm u:n_ = p U 2 for suc h flows , 

p p 

T = 'T • In turn-;-fhis condition is t he necessarv condition fo r om op ·- J 
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mean turbulenc.e statistics such as root-mean-square values and 

correlation coefficients of the turbulence velocity components to be 

equal for the mode 1 and the prototype flow. 

In the case where t he laboratory flow speeds must be reduced 

to satisfy other similarity criteria ( such as the thermal criteria des -

cribed in the following section), the model flow may be actually laminar. 

When this happens, rougheni ng o f the model s urface cannot produce the 

desired similarity between inertial and viscous forces (Reynolds number 

similarity of the type discussed previously). However, similarity 

between inertial and viscous forces may still be closely approximated. 

Basically the concept to use is that described by A be ( 1) in which the 

turbulent prototype fluid is approximated by a fluid of molecular 

kinematic viscosity equal to an average turbulent eddy viscosity o r 

kinematic turbulent exchange coefficient KM 

the Reynolds numbers R and (R ) ... b 
m p LUr _. 

U H 
mm 

vm 
respectively, 

Then, a comparison of 

may be made for estimating thE' degree of dynamic similarity. The 

ratio of these two Reynolds numbers 

vm 

can be estimated by sele cting typical values for the speed ratio U /U , 
m p 

the scale ratio H /H (1:12 , 000 in this study), and the diffusivity ratio 
m P 



, 

1 

9 

(K ) /11 . 
mp m 

Considering a velocity ratio of unity, a turbulent exchange 

coefficient of 2. 3 x 103 cm 2 /sec~< and a kinematic viscosity for air of 

-1 2 
2. 3 x 10 cm /sec, a very favorable value for the Reynolds number 

ratio is obtained: 

R 
m 

= (1)( 1 4) 104 
1.2x10 

1 . 

The photographs of smoke -flow patterns (Figs. 10-37) show that 

flow conditions over the laboratory model were essentially laminar near 

the surface; however, flow downstream of the sharp ridges above the 

surface appears to be turbulent. This means that the type of Reynolds 

number similarity proposed in the preceding paragraph should be valid 

over a large part of the model. One should keep in mind, howeve r, 

that (K ) is not really a constant; it varies both with height and 
mp 

locaFon over the region, so that the Reynolds number ratio calculated 
I 

is a1 average value having a representative order of magnitude . 

In the upper region downstream from t he ridges, similarity of 

flow is also expected on the basis of argument s presented in the s econd 

paragraph of this section. The argument need only be extended to 

include the invarianc e of flow with Reynolds number downstream fro m 

"sharp-edged" objects. To improve the similarity for this part of the 

flow, sand with a particle size range of 0. 00 6 - 0. 012 in. was cemented 

to the model surface. This selection of sand size was made on the basis 

*Pasquill, F., Atmospheric Diffusion, D. van Nostrand Company Ltd . , 
1962, p . 72. 
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of geometric similarity for ridge features such as brush, trees and 

boulders which were estimated to have a mean height of 6 ft. Ac-

cordingly, 
6 X 12 
12000 

gives a sand size of about 0. 006 in. 

C. Thermal Similarity 

In the context of this study,vertical temperature gradients and 

the associated vertical density stratifications are of prime importance 

in determining the flow characteristics around various topographical 

features. If the modifications of vertical motion by atmospheric 

inversion are to be similar for the laboratory and the prototype flows, 

a criterion must be selected to insure adequate temperature variation 

over the wind-tunnel model. Several parameters could have been 

chosen, such as a Froude number or the Obukhov stability length; 

however, a Ric hards on number, as discussed by Sutton ( 9) , was 

chosen because of its wide usage by meteorologists and because of its 
I 

ease
1 
of evaluation as a bulk parameter . 

I 

The Richardson Ri umber expresse'd as a local parameter is 

defined by 

Ri 

When a bulk Richardson number is desired to describe the thermal 

influence over a layer of thickness ~z , the following form is 



. 
. ..l 

., 

_j 

~ 

I 

_J 

11 

convenient: 

Ri [ ~0 
= 0 (~u) 2 ~z. 

For the purpose of obtaining an estimate of Richardson number 

variation at Point Arguello at different heights, use was made of 

rawinsonde data taken over the 18 month period from July 1959 to 

December 1960. Richardson numbers were computed from monthly 

averaged profiles of temperature and wind speed taken at 500 ft layers 

from 500 to 5,000 ft and at 1,000 ft layers from 5,000 to 10,000 ft. The 

distributions of Richardson number obtained are shown in Fig . 2 . The 

important observation to be made is, of course, that the atmosphe re 

is nearly always stably stratified. 

A typical calculation of the bulk Richardson number for the 

wind-tunnel flow is shown in Fig . 3. In this calculation, the layer over 

which Riis calculated corresponds to the actual boundary-layer thic k-

I 
ness for the flow. 

Because the main interest in this study is in flow near the 

earth 's surface, a bulk Ric hards on number for the layer O - 1, 000 ft 

is of importance in comparing the effects of thermal stratification in 

the laboratory and proto': ype flows . Prototype data for 30 January 1964, 

were taken from Ref. 8 (pp. 1 7 and 22) to obtain a typical prototype 

Richardson number. The numerical evaluation gives the following 
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values for Ri (near station 1 mi): 

(Ri) 
p 

9.81 
287 

( 3) 
( 1 0) 2 

305 = o. 31 . 

If thermal similarity is to exist for the model flow, a 

Richardson number (Ri) for the corresponding layer should also be 
m 

approximately equal to 0 . 31. Typical values over a 1 in. -thick layer 

for an ambient flow speed of 5 ft /sec and an overall temperature 

difference of 103°F (the maximum attainable at this speed) yield the 

following values for (Ri) : 
m 

(Ri) = 
m 

32.2 
500 

75 
( 1. 5) 2 

1 
12 

= o. 18 . 

Although this value is about one-half that for the reference prototype 

flow, no major differenc e in model and prototype flow patterns was 

anti~ipated. 
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IV. CHARACTERISTICS OF THE MODEL FLOW AND 
COMPARISON ~71TH THE PROTOTYPE FLOW 

~a_vi_n_g e_sta.~l i~ hed that geometrical, d~amic ~nd thermal 

~imilarity could be attained to a rec:sonable degree for a lamin3:r fl ow 

~-!-~~ -- ~odel, a i:_>rogram of me~surj1:1g a_n_d v_isua_liz~ng ~ows oy er the 

!1_:l?dt_l :f_a.s_ _'F:dertake n . Since inye r; s_ioq _f1:_o1:Vs _w~1:E:_ of primar:y 

~!e_r_e_s_t~ _t~e ~a-~o!'atory stud_y was _co:i!ir::_e d P!'imarily to low _:- speed 

fi:<?w: (5 ft/s_ec) with a maximum attainable temperature difference 

(the wind-tunnel floor was 103° F cooler than the ambient air) . Flow 

patterns -=-fo_r: __ the sf ~bte s-t~atificafton=were 'well documented in the cases 

of flow approaching from an azimuth of 315° and from 340°. Thes e two 
.. -- -··-- --- ---

directfons were selected because they represent the most common 

- - --- · --- - -. ---- - - . - .. . - - . - -
flow direct ions for the prot otype flow. Flow data for several different 

direct.ions (305°, 315° and 325°) with no thermal stratification were 

obtained t o determine flow-pattern differences for neutral and inversion 

flows . 

A. Boundary-Layer Characteristics Upwind from the Model 

One of the first objectives of this study was to determine the 

nature of the boundary-layer flow approaching the model. The bulk 

Richardson numbe r base d on the thermal boundary layer gave an 

indication of the overall stability of the flow . As shown in Fig . 3, this 
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Richardson number for the inversion flow in -'- he wine! tunnel was 

approximately Ri = 0. 34. For the lower 1, 000-ft layer, the bulk 

Richardson number for the same flow was 0. 18 . 

.A_ qet~iled description of typical neutral and inversion velocity 
- -- --•w -

_ ___2r~_Hl_~s_i s_ given by Fig. 4 . In this figure, v e locity profiles meas ured 

with a hot-wire anemomete ~ are shown for both neutral and inversion 

J.lows with the ambient velocity near 5 ft/ sec. Both profiles follo w a 

power-law distribution of the form 

• c- 1 /4 
uaz 

where u is the velocity and z is the height above the floor . A power-- .... - - - . --- - - -

lay., velocity distribution with this exponent is characteristic of low 
c: - . - -

Reyn_ol_ds number or nearly laminar boundary-layer flows. It can be 

,~~e? fro_m Fig. 4 that there is considerable scatter in data . These 

variations are the r~sult of difficulty involved in measuring velocities 
-: __ -: . 

_in_ !he lo"." range necessary to establish a stabilized flow. For example, 

da a were reproducible at a point in a single day to within about 20 

percent for velocities below 2 ft/ sec and to within about 10 percent for 

velocities above 2 ft/ sec . Daily variations ranged up to 50 percent for 

low velocities and 20 percent for the higher velocity range. Because 

of thes e measurement difficulties, the flow speed was not reduced 

below 5 ft/ sec in order to realize a larger value of the Richardson 

number. 
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·.: · ·A typical mean temperature profile is shown in Fig. 5. This 

profile depicts an inversion flow with an ambient velocity of 5 ft/ sec. 

As can be seen, variations in temperature profiles were much smaller 

than for the velocity profiles. In a given day, temperature data were 

reproducible to within 1 - 2 ° F. Indeed, temperature profiles for the 

approach flow appear to follow a power-law distribution. 

B. Temperature and Velocity Fields Over the Model 

, In order to compare wind-tunnel and field data better, twenty 
j 

J 

j 
j 

1 

velocity and temperature profiles were taken along the lines shown in 

Fig . 6 at points 1 through 2 0 . Figure 6 was used to show a comparison 

of wfod~tunnel and field data. The data cross-section lines are idenE-

cal to those indicated in Ref. 8. The ambient velocity approached the 

model · along the 340° azimuth which almost paralleled the pr inc ipa l 

I . 

data, line. Reduction of data was performed to provide a ready com-

parikon with the field data . 

Lines of constant temperature are shown in Figs . 7 and 8. The 

constant temperature lines do not reflect the pronounced wave pattE:rn 

· seen in the lee of the ridge as was demonstrated by the field data 

(8, Fig. 5). Instead , a definite downward convergence of constant­

temperature lines is apparent on the lee slope. The assumption that 

equi-temperature lines approximate flow lines may b e accepted up to 

the highest point on the ridge. However, on the lee side, the flow 



16 

observed with smoke patterns was found to be so turbulent that no 

s_!~ady stream lines existed. The smoke dispersed so rapidly in the 

turbulent structure of the ~low that photographs of the smoke patterns 

i!l_!he _ region on the lee slope were virtually impossible to obtain. 

Considerable mixing of the air in the lee of the ridge is apparent in the 

constant-temperature lines (Fig. 7) which are almost parallel to the 
- .. 

floor for a considerable distance downstream and almost equally 

spaced in the vertical direction. The mixing was great enough im­

mediately downwind from the ridge to melt the thin coating of ice which 

~a"~ -f~rm ~d eyerywhere on the 25° F floor . F :gure 26 shows this 

~e ted ~egion ~hich indicates a strong downward converge nce of a ir 

v_~r_y c \o_~e to the lee slope . 

_Li~es of constant speed are shown in Figs . 9 and 10. The 

c!_~_ag~a~ ~f equal s __ peed line s in Fig . 9 shows :he rapid changes in the 

~el_ocity field cau_sed by the terrain features . It can be seen from 

~~g. _10 tha_t the model caus e s an immediate change in the velocity 

field for the flow passing from the flat-plate approach flow to the flow 

over the model. 

The changes of tempe rature and velocity along lines of constant 

elevation are shown in Figs . 11 and 12 . The changes in temperature are 

seen to be inversely affected by the shape of the terrain. Furthermore, 

~ig. _11 shows that the surface temperature of the model itself was well 

- -
above the 25° F temperature of the floor on which the model was 

resting. This temperature difference may aid in the establishment of 
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flow similarity since ground surface temperatures in the prototype 

would be expected to be somewhat higher than sea-surface temperatures. 

As expected, acceleration charted in Fig. 12 occurs on the upslopes 

where the flow is converging, while deceleration occurs on the down­

slopes where the flow is diverging. It is interesting to note, however, 

that an acceleration occur s just before the flow crosses offshore on 

the lee side and that this acceleration ends at all elevations just as the 

shoreline is reached. This region of acceleration may be caused by 

flow sweeping around the point in the pattern shown for observed smoke 

traces in Fig . 38. 

A comparison of model and prototype temperature profiles was 

made in an attempt to establish at least some quantitat ive measure of 

similarity. Field data used in this comparison came from Smith, 

et al. (8, pp. 15-19). Figures 13 and 14 show two typical sets of 

field temperature profiles measured from the diagrams of potential 

temperature in Ref. 8 . In these diagrams, z represents elevation 

above the surface, o represents boundary-layer thickness, T 
a 

represents the potential emperature at elevation z , T represents 
w 

surface temperature and T represents the potential temperature of 
CD 

the ambient flow. Values of o , T and T were not given 
W 00 

explicitly by Smith but were estimated for this study from the diagrams. 

The same value of o ( 4, 000 ft) was used for all field profiles. 
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_ __ r~gure 13 shows profiles for four sets of field data at a point 

~_orresponding to the location of the model-data-point number 16. 

Figure 14 shows profiles for four s et s of field data at a p9int _cor­

~esponding to the location of t he model-data-point number 1. These 

fj.gures,_ one upstream from Honda ridge and one downstream, show a 

~asic_ similarity in the thermal structure for the prototype cases 

presented. Therefore, if the model dat a are compared t o one set of 

fj~~~ d_ata , the comparison should be valid for the other c ases. Also, 

if the prototype cases are typical of a verage field concitions, then the 

comparison of the model with one set of prototype data i s a valid com-
- ·- ':. ·- -- ~ 

parison under ave rage p r ototype conditions. 

Figures 15 and 16 compare w ind-tunnel data with one set of 

field data for model-data - point numbers 1, 6, 10 and 16 . Examination 

of the figures shows that even though there i s not a . quantitative agree­

ment in the s ense that the curves fall on top of each other, t here is a 

s imilarity in the curve shapes and in the relative pos ition of the curves 
. - - I 

for the different stations . This indicates that, as the flow crosses the 

terrain, the temperature field undergoes similar changes with both 

model and prototype . These similar changes indicate a similarity_ 

in flow patterns between model and prototype. 

C. Flow Patterns Overt e Model 

Two types of flow visualization techniques were used to obtain 

flow patterns. Photographs of surface flow d irections using the 
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indicator paint on the model gave an indication of local flow directions 

at the surface. For example, Figs. 17 and 18 show typical examples 

of these flow patterns . Streaks such as those in Fig. 17 were pro­

duced by one release of ammonia at the upstream end of each streak. 

Patterns such as those in Fig. 18 were produced by a s e ries of indi­

vidual streaks placed head to tail in a downstream progre ssion. 

Ambient flow for both figures is from top to bottom. 

The best graphic de scription of the flow pattern above the 

surface was obtained by photographing smoke over the model. F igures 

19 through 2 6 show smoke traces for an ambient flow direction of 

340° , ambient velocity of 5 ft/ sec and temperature difference of 

1 t 5 ° F. Figures 2 7 through 3 7 show smoke traces for an ambie nt flow 

direction of 315°, ambie nt veloc ity of 5 ft/sec and temperature dif­

ference of 115° F. The photographs reveal a highly complex flow with 

interesting secondary flows produced by the ridge and valley s ys tem. 
I 

Mean flow patterns were deduc e d from these photographs and dominant 

features were represent e d in graphic form on the topogr aphic map. 

Figures 38 and 39 show t he basic flow patterns e stablishe d 

with photographs of smoke and indicator paint streaks. The solid 

portions of the arrows i ndi c ate flow in which smoke released near the 

ground tended to stay close to the surface. The dotted portion of the 

arrows indicates where the flow -- once at the surface -- had s eparated 

and was somewhat above the surface . In general, for both flow direc­

tions, the smoke remaine d attached to the surface until the flow passed 
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'ov.er:-Honda Ridge, separated at the ridge line, and became turbulent 

::downstream from the ridge . One notable exception is the flow with a 

340° ambient wind direction. In this case, the flow separated jus t before 

:r~aching Honda Canyon, passed over Honda Canyon, almost reattached 

-:0n- Honda Ridge, and separated in the lee of the ridge. In this pa rtic ular 

--ease, flow occurred up Honda Canyon perpen dicular to the main fl ow and 

_be.low it. This effect can be noted in Figs. 1 9 and 26. 

A second general observation was that, in a region east of Honda 

:Ridge, the smoke tended to follow the course of t he valleys. This effect 

is seen graphically in Fig. 39 and can also be noted in many of the other 

photographs. During testing it was noted that an air current ran parallel 

to -the coa·st following the coast line south and curving east around the 

-point toward the U . S. Naval Boathouse area . A small portion of t his 

·s ream separated from the main stre am and followed a course up Honda 

.Canyon. This effect, in addition to the previously noted strong down­

.ward converge nce along the lee slope , could cause high concentrations 

of material released to the north of Honda Canyon in the boathouse. 

Figure 40 shows t e mode l flow patterns for neutral flow with 

_1_1..5~_..ambient flow direc ion. This flow differed from the invers ion case 

in two significant factors. The flow did not tend to follow the terrain 

features as closely as did the inversion flow but followed a straighter 

course across the mode l. In addition, the flow did not tend to stay as 

near the surface or down in the valleys as did the inversion flow. 
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D. = .D.iffusion Measurements 

One set of tracer concentration measurements was made to 

determine the degree of similarity between diffusion in the laminar 

:11-o~el flow and the corresponding turbulent prototype flow. Helium 

was used as a tracer for the model flow and was released from a 

P?int source in Hondo Canyon corresponding to a flourescent particle 

release point used in the field study as described in Ref. 8. In this 

Gase, the trajectory of the helium tracer and the flourescent particles - - - :. . . 

were quite similar as c a n be observed in Fig. 32. 
- ·- - -

·- - - - -
~ . - - . - -. -

-

The helium used for the tracer gas was not pure but was mixed 

with air (90% air, 10% helium) to minimize buoyancy of the tracer. 

Concentration of the helium in the downwind plumes was measured at 

ground level along a line normal to the axis of the plume. Sampling 

points for these measurements are shown in Fig. 44. Mean concen­

tration for the continuous point source was determined by means of a 
-l 

"Veeco" leak detector (model MS-9). A sample of the helium-air 

mixture was withdrawn from the flow by applying negative pressure to 

a hypodermic needle place d at the sampling point which was connected 

to a vacuum pump by means of plastic tubing. Figures 45 -49 show how 

the concentrations varied across each cross section where measure-

ments were made. From these data, a maximum concentration for a 

particular cross section can be determined. 



22 

:- ' :- :A comparison of the relative rate s of concentration decay with 

distance downwind from the model and the prototype sources is provided 

by the data shown in F ig. 50. The ordinate scales are arbitrarily 

matched for the model and the prototype data so that the data points are 

--- . - - - - - - . 

closely grouped. Of major interest are the s l opes described by the 

data points. Although the p r ototype data show considerable scatter, the 

rates of decay appear to be essentially the same for the laboratory and 

-
field diffusion. This agreement is better than was anticipate d since the 

faboratory flow was laminar while the field flow was turbulent -- how­

ev-er-, both were stably stratified to approximately the same degree. 

An attempt to explain the agreement of the concentration decay rates 

under these conditions of flow is made in the following paragraphs. 

In cases where the surface over which the flow occurs is 

-
irregular, -compos e d of hi.lls and valleys, dispersion of a passive 
- -
~ 

addit ive to the atmosphere may b e controlled primarily by strong 

spatial variation in convective transport by the mean motion. 

Especially in flows with strong stable thermal stratification is thi s 

mode of dispersion expected to be dominant. The significance of this 

-
possibility may be recognized most readily by examining the turbulent 

diffus ion equation 

ac 
U . 

ac a 
+ = at 1 ax. ax. 

1 1 
( ac -) 77 -- - u.c ax. 1 

1 
-------
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When the mean flow is steady, a convectively dominated transport 

_system would then be described by 

ac 
U. a 1 X. 

= 0 . 
1 

~~c~r_dingly, the non-dimensional form for this conservation of mass 

statement is merely 

,.. ....... - - --- - - -

ac• U' 
i ax' 

i 
= 0 . 

This implies, since no coefficients involving the scaling factors enter 
-- - . - - . . . 

the equation, the only condi'" ions necessary for similarity of the ::oncen­

tration field is that of geometrical similarity and mean velocity 

similarity in the vertical and, more importantly for rough terrain , in 

the horizontal which must be attained by mee t ing the conditions for 

dynamic similarity. Much work remains to establish the extent to 

which the foregoing arguments can be exploited for practical applica -

tions. The only known study of this nature is the exploratory work on 

simulation of mean winds and diffusion report ed herein. 

Although the type of similarity conside red in this section appears 

to be based on radical simplifications, the results shown in Fig, 50 

are sufficiently significant to warrant further research on this modeling 

concept. Satisfactory modeling techniques of this nature have great 

potential for the study of practical dispersion problems. 
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V. CONCLUSIONS 

As a result of the experimental work completed in the 

meteorological wind tunnel and the comparisons of these data with 

- ..... - - ~ 

prototype data, the following conclusions can be made: 

1. The meteorological wind tun nel is capable of producing 

inversi~n flows of sufficient intensity t o model the inversion flows in 

the vicinity of Poi nt Arguello and other coastal regions. 

2. Comparison of wind - tunnel and p rototype temperature data 

established at least a qualitative similarity in the structure of the model 

and prototype temperature fie ld over the Point Arguello area. 

3. Comparison of surface-flow directions and smoke traces for 

neutral and inversion flows established t ha t excellent similarity exists 

in wind -flow pa tterns over the Point Arguello area and its model for 
I 

inversion flows approac hing from the northwest. Hence, use of a 

laminar labora ory flow to simulate a turbulent field flow over r ough 

terrain under stable stratification is a modeling technique which appears 

to have considerable practical application. 

4. When d ispersion is dominate d by c onvec tion due to highly 

non-uniform mean velocity fields, such as stably stratified flow over 

complex terrain, the laminar flow model can b e used to predic t rates 

of concentration decay dow nwind from steady continuous sources. 



I 

25 

BIBLIOGRAPHY 

1. Abe ... M., Mountain clouds, their forms and connected air cu?:rents, 
Part II, Bull. Central Met. Obs. , Japan '2_ ( 3), 1941 . 

........ . : .._ -

2. Bankston, L., and Fast N., Observations of surface winds at 
_ . __ ___ Point Arguello, California and Vicinity, 8 through 16 May 

1962, Technical Memorandum No. PMR-TM-62-10, Pacific 
!\1is~ile Range, Point Magu, California, 1962. 

~-- -:. <;~!'.mak, J. E. , and Plate, E. J., Micrometeorological wind­
tunnel facility, Final Report, Contract No. DA-36-039-SC­

_ 80371, U. S. Army Electronic Research and Development 
Acitivity, Fort Huachuca, Arizona. 

4. 

5.-

6. 

-
Ellison, T. H., Labora ory measurements of turbulent diffusion in 

stratified flows, Jour. Geophys. Res., 67, 3029, 1962. 

Lettau, H. H., and Davidson, B., "Exploring the Earth's First 
Mile, 11 Pergamon Press, New York, 1957. 

Lyons, R., Panofsky, H . A., and Wollaston, S., The critical 
Richardson number and its implications for forecast problems, 
Jour. of A pp lied Me teorology, ~, 136 , 1 964. 

7. Schlichting, H., "Boundary Layer Theory, 11 Fourth Ed., 
_Mc_Graw-Hill, New York, 1960. 

8-. Smith, T. B., et al., Micrometeorological investigation of Naval 
Missile Facility, Point Arguello, Cal ifornia, Final Report on 
Contrac t N123 - (61756) 32885 A (PMR), 2 Vols., 31 July 1964. 

9. Suttqn, 0 . G., "Micrometeorology, 11 McGraw-Hill, New York, 1953. 

10. Wiskind, H. K., A uniform gradient turbulent transport experi­
ment, Jour. Geophys . Res., 67, 3033, . 1962. 



::-

' 
::. L-::-. - . ::: ·:: --· _ co FIGURES 



26 

I I 
i 

I 
i 

·-

.... _ 

·-
1 

J 

l 
I 

· ·• •1t1c , c ALI 

..... 
CO ll fOU II l lol f ll'I VAL 100' 

TOPOGRAPH IC IIA~ o, TN( "OtNT AltG\J<L LO Mf:A 

Fig 1 Topographic map of the mode l of Point Arguello, California 



CJ') 

w 
CJ') 

<t 
u 

u. 
0 

~ 
z 
w 
u 
a: 
w 
a.. 

16 

12 

8 

4 

0 
-25 

- ...J L.. _; L • ......J \..------J L .. ..... . , I 

Richardson Numbers were computed on 500 ft. foyers from 500 to 5,000 ft. and on 
1,000 ft. layers from 5,000 to 10,000 ft . for 18 monthly overages. 

Richardson Numbers from 500 to 5,000 ft. 

0 25 50 

RICHARDSON 

Richardson Numbers from 5000to 10,000ft 

-25 0 25 50 

NUMBER ( Ri) 

Fig 2 Distribution of Richardson numbers for Point Arguello, California 

·. 'f,. 

N 
-.J 



Flow .. 

-
- ~ -

28 

Velocity Boundary Layer 

but be 
bZ 

where 8 0 v 

Data for Wind Tunnel Flow Approaching the Model 
,;._ -

. -- .-
ea-~ = 128° F = 588° R I 80 = 25° F = 485° R' eav = 76.5° F = 536.5° R 

z 8 : 13.5 II : I.I 2 I t z O : 0 

g 

e 
(88 - 80) <Za - Zo) '!' 

(U8 -Uo)2 

32.2 
536.5 

(103) (1.12) 

(4.5)2 

F ig. 3 Bulk Richardson number for boundary layer flow 



1.0 

0.9 

0.8 

0.7 

a:: 0.6 
0 
0 
_J 
~ 

w 
> o 0.5 
al 
<l: 

I­
I 
(!) 

w 
I 0.4 

0. 3 

0.2 

o. I 

0 

29 

. 

I I I I 

0 INVERSION CASE 

t::. NEUTRAL CASE 

AMBIENT VELOCITY , 
V, 

Uoo - 5 fps 0 

8 = BOUNDARY LA YER THICKNESS 

0 

0 

0 A 

A 

0 A 

0 .tJ. 

A 

0 A 

A 

0 A 

A 
A 

0 A 

IA 
0 A 

A 
~ 

OA 

0 t A 
0 

n 0 A 

0.2 0.4 0 .6 0 .8 1.0 

VELOCITY u /Uoo 

Fig. 4 Typical appr o;ich flow v e l ocity profiles 



1,0 

0 .9 

0.8 

0. 7 

~ 
N 0.6 . 
a:: 
0 
0 
_J 
LL. 

~ 0 .5 
0 
ID 
<J: 

I­
I 
(!) 0. 4 
lJ.J 
I 

0.3 

0.2 

0,1 

0 
0 

30 

AMBIEN T VELOCITY, Uoo = 5 fps 

8 = BOUNDARY LAYER THICKNESS 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
0 

0 0 r 
0 .2 0.4 0 .6 0.8 

Fig. 5 Typical approach flow temperature profile 

1.0 



31 

I l I I I I -, I § ~ 

i -f . 

·- + 

" (. 

AMBIENT WIND 
DIRECTION 

~ 

\' 

~ .. ·-

·-

4 
C EA'.+' 

...,. 
lOOO' e,; mer 11 000· 3 

2 

Fig. 6 Model of Point A r g uello showing data cross section lines 



1-
w 
w 
LL. 

LL. 3 
0 

Cf) 
0 
z 
<t. 
Cf) 
::J 
0 

FLOW 

I 
d 

. 
LENGTH SCALE 

0 2 4 6 

1000' 

~ 21--"'----=:::::::::~~~~~~~~~:;;."T"""- -+-f--______3,~---~_,,...._=-.,,c_------------~,..c;-i 
z 

w 
0 
::> 
I-

f­
_J 

<t. 

16 15 14 13 12 II 109 8 7 6 5 4 3 2 

POINT NUMBERS 

Fig. 7 Vertical cross section showing constant temperature lines 



3,3 

\ 

112 

LENGTH SCALE ( 1000') 

0 2 4 6 -
.:,._,,,--.. ---====~--

I- 3 
I.LI 
I.LI 
[L 

LL 
0 

(/) , 
0 / z 

------ - <t 
(/) 

::> 
0 
::r: 

. I- 2 106 --........... 
z --

_::--., I.LI --- 0 
=> 
I-

103 ------ - 1:-
_J-

<t 

75 

0 .2 71 

0 ---------'--U.....L--L-~.4-.4--4-."'-"'--'--'--'--'-.,,__""----'-...,c_"""-I 
17 16 18 19 20 

DATA POINT NUMBER 

Fig. 8 Vertical cross section showing constant temperature lines 



LENGTH SCALE ( l000) 5 

0 2 4 6 
4 

4 .5 fps 

I-
w 
w 
LL. 

LL 
3 0 

Cf) DIRECTION OF FLOW 
0 
z 
<! 
(/) 

:::> 
0 
I 2 
I-

z 

w 
0 
:::> 
I-
I-
_J 

<! 

0 L-...::::::::::2:...L.....L._L_~~_L__L_.LLL....C,__..i~'_L..lL......L_.l.L.....L.LL--~:....JC.._L,_..L.L...~:....h---L----L--'-----'---....l2---..J......J 

16 I 5 14 13 I 2 II IO 9 8 7 6 5 4 3 

DATA POINT NUMBER 

Fig. 9 Vertical cross section showing constant velocity lines 



' 
I 
I 
l 

I 

I 

j . 

. ' 

~ 
LI.J 
LI.J 
LL. 

LL. 
0 

(/) 

0 
z 
<t 
(/) 

=> 
0 
I 
~ 

z 

LI.J 
0 
:::, 
~ 

~ 
_J 

<t 

3.0 

2.0 

0 .8 

0.6 

35 

LENGTH SCALE 

0 2 4 6 

1000' 

2 .5 

2.1 

2 .0 

1.5 

------- 0 .5 ------
0.4L------ o.2 

0 .2 

17 16 18 

DATA POINT NUMBER 

19 20 

Fig. 10 Vertical cross section showing constant velocity lines 



1500-----------------------------------------

~ 
u.. 
._- 1000 
:r: 
l? 

w 500 :r: 

0 sooo' 16000° 

I 20,------------------------------------------, 

w 
n:: 
:::, 
I-­
<{ 

DIRECTION OF 

FLOW > 

n: 
w 90 1----------------------\-- L~---L-.L:=.==::::::=:::::= 
a.. 
2 
w 
I--

8 0 >---- ------

(\ 

Altitude 4000° 

I 

3000 

2500° 

2000 

10~-------''------'---'---'---'-....0....-'---'--~-.._ _ _,_ __ __. ___ ~ __ ....,__ __ _. 
16 15 14 13 12 II 10 9 8 7 

POINT NUMBERS 
6 5 4 

Fig. 11 Temperature variations at constant elevations 

3 '2 

u,) 
0) 



1500
1

-------------------,-------------------------

i-: 
~ 1000' . , 
1-
::c 5001 

(.!) 

w 
:z: 

5 

4 

u 
w 
(/) 

' I- 3 ~ 

>-
I-
u 
0 
...J 

2 w 
> 

0 8000
1 

16000
1

, 

DIRECTION 
Altitude 4000

1 

OF FLOW 3500
1 

1000' 

~ 
o.__ ___ _.. ______ ...._ _ ___._ __ L.---'--L.._...._..__.1..-_L-_..J_ __ --1. ___ -'--__ ...1.. __ __. 

16 15 14 13 12 II 10 9 8 7 6 5 4 3 2 

POINT NUMBERS 

Fig. 12 Velocity variations at constant elevations 



3 .... 
I 
8 .... 
' ~ 
~ 

I• 

FIELD DATA 

I o MODEL DATA POINT NO. I 6 

0.8 SYMBOL DATE 

• 13 Sept 

V 29 Jan 
0. 6 0 30 Jan 

• ·3 I Jan 

D Feb 

0.4 

' , 1 

I ' 

0.2 

1963· 
1964 

1964 
1964 

1964 

V 

f \ 
I 

\ 
\ 
I 

I 
I 

\ 

,, 
•- . • .. , 

\ 
I/' {) 

:Il l 

\ ' 
I \I \ 

' 

0.1 -------i.---------'""------1.---.i----L--------'---------L-....J 
0.01 0.02 004 0.06 0.08 0.1 0.2 0.4 

z/ 8 

Fig. 13 Non-dimensional temperature profiles for field data 



FIELD DATA 

MODEL Di:\TA POINT NO. I 

1.0 Symbol Doto 

'v 29 Jon . 1964 
0.8 0 30 II ti 

I '' . ', 
• 31 II II 

,1 

0. 6 a Feb II 

I . ,I 

~ .... 
0 . 4 

.,_8 
vJ 

' 
co 

• 
.... ~ 

.,_o 
0. 2 

0 . 1 .___ _____ ......... ______ J,_ __ ---1. __ _J__.....J... ______ ..1,_ _____ _J,. _ __J 

001 0 .02 0.04 0 .06 0.08 0 .1 0.2 0 .4 

z/8 
Fig . 14 Non - dimensional temperature profiles for field data 



1.0 

0 .9 

0.8 

0 .7 

~ 
I- ' 

'8 
I-

'--P-6 

~ 
I 

1-0 

0. 5 

WIND 

Symbol 

0 

V 

0 

• 

V 

0 .006 

TUNNEL DATA 

Data Point No. 
( J_ 

6 

10 

16 

I 
_____-a 

'!v-

V 

0.01 0 .02 0 .04 

z/8 
0.08 0.1 0 .2 

Fig. 15 Non-dimensional temperature profiles for wind tunnel data 

~ 
0 

0.4 



~ 
I-

8 
I-

" ~ 
1-0 

FIELD DATA TAKEN 
31 Jon 1964 

Symbol Doto Point No.-

D I 
I. 0 6 □ A 

0 . 8 0 10 

• 16 

0 . 6 

0.4 
0 

□ 

0.2 

I 
O. I 1---+----+--+-------+---------4-----+---t----t--------+------4----1 

o.o 8 ...___.__ _ _.._ _ _._ ____ _.._ ____ __. _____ _.___. _____ ...i...._ ____ ....i,_-J 

0 .006 0 .01 0.02 0 .04 

z/8 
0 . 1 0 . 2 

Fig. 16 Non-dimensional temperature profiles for field data 

0.4 

~ -



42 

,. 

r 

Fig. 17 Single release ammonia trace data 

V,'\ "-lo. 
l .,, ... '.J ~ ,,. 

l' T 



43 

__ ,.,.. 
'! 
I 

t 
1 

' ·->: 

(, . 

·~ 

t· • ,. 
I I '\ ' .-

. ':'• 
.,,, 

\ 

\ , 
t 

I 

Fig. 18 Multiple release ammonia trace data 



~­
, ... # 

• 

Fig. 19 Smoke flow patterns for 340° ambient flow direction 



r ',. 

Fig. 20 Smoke flow patterns for 340° ambient flow direction 
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Fig. 21 Smoke flow patterns for 340° ambient flow direction 



Fig. 22 Smoke flow patterns for 340° ambient flow direction 



Fig. 23 Smoke flow patterns for 340° ambient flow direction 



Fig. 24 Smoke flow patterns for 340° ambient flow direction 



Fig. 25 Smoke flow patterns for 340° ambient flow direction 
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Fig . 27 Smoke flow patterns for 315° ambient flow direction 
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Fig. 29 Smoke flow patterns for 315° ambient flow direction 
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Fig . 30 Smoke flow patterns for 315° ambient flow direction 
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Fig. 31 Smoke flow patterns for 315° ambient flow direction 
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Fig. 32 Smoke flow patterns for 315° ambient flow direction 



.. 

., 

Fig. 33 Smoke flow patterns for 315° ambient flow dir_ection 
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Fig. 34 Smoke flow patterns for 315° ambient flow direction 
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Fig. 35 Smoke flow patterns for 315° ambient flow direction 
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Fig. 36 Smoke flow patt~rns for 315° ambient flow direction 
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Fig, 37 Smoke flow patterns for 315° ambient flow direction 
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