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THE AERODYNANICS OF ATNOSPHERIC SHEAR FLOWS

J.E.Cermak and B.W.Marscimner

1. INTROBUCTION

The AGARD Specialists’ Meeting on the Aerodynamics of Atmospheric Shear Flows was sponsored by the Fluid
Dynamics Panel which was chaired by Professor R.N.Cox, UK. This meeting was held ip Munmich, Germany during the
period 15-17 September, 1969, Members of the Program Committee were Professor A.D.Young, UK (Chairmar;,
Mr.E.Dobbinga, Netherlends; Professor J.J.Ginoux, Belglum; Professor B,W.Marschner, USA; Professor E.Truckenbrodt,
Germany; and Professor J.Valensi, France. Papers presented at the meeting are appendnd tc this report as e list
of references.

Stimulation for this meeting was provided by a Round-Table Discussion on Industrial Aerodynamics held in
Géttingen, Germany on 14 September, 1969, following the AGARD SBpecialists’ Meeting on Fluid Dynamics of Rotor
and Fan-Supported Aircraft at Subsonic Speeds. This discussion was under the chairmanship of Dr.R.C.Pankhburat,
UK, with presnatations given by Professor E.Truckenbrodt, Germany; Mr.E.Dobbinge, Netherlsnds: Professor J.E.
Cermak, USA; Professor J.Va'unsi, France; Professor J.J.Ginoux, Belgium; Professor J.L.Taylor, Norway. and
Dr.E.W.E.Rogers, UX. General topics discussed at the Round-Teble Discussion which were later excluded from
this meeting were the following: fiow in ducts, unste~ly nulti-phase flows, medical and biological asrodynimics,
agricultural aerodynamics, and uerodynamics of fans,

The objzctive of chis report is to place the over-all uiauibutions of this meeting into perspective with
regard to needs for further research and development raquired to reach a fundamental understanding of the sub-
ject matter and/or to sdequately cope with the related practical applications. Hopefully, if this understanding
can be achieved in an objective manner, this report can provide guidance to AGARD personnel for stimulation of
new research in certain areas.

Pollowing the program of paper presectatfons as shown in the list of referenzes, & Round-Table Discussion was
convened to summarize the meeting and to give all participants an-opportunity to comment. The panel consisted
of Professor B.W.Marschner®, USA (Chairman). Professor J.E.Cermak, USA; Professor H.Panofsky, USA: Profeasor
R.S.Scorer, UX: end Mr.C.Scruton, UK. The discussion was opened to all participants after each panel member
presented a brief prepsred summary. These summary statements end discussions were transcriced and will appear
as part of the AGARD Conference Proceedings No.48. Therefore, this report will not dwell on a review of the
meeting but will focus on the previcusly stated objective.

Specific Conclusions and Recowmendations are presented following a statement of the Purpose and Scope of the
Neeting and a Program Evaluation.

2. PURPOSE AND SCOPE OF MEETING

Nany seronautical problems arise as s result of atmospheric moticn near the earth’s surface. The atability
and control of aircraft during take-off and landing; the location and design of landing sites for VETOL air-
craft, especially helicopters, in and near cities: ground-air communications by transmissior of electromagnetic
energy: transmission of aircraft-generated noise to populated areas; the visibility limitations imposed by fog
and smog; and the behaviour of high-speed aircraft moving through gravity-wave systems are a few well known
examples. In each case the time and space variabjlity of wicd velocity or refractive index or density is a key
factor in the problem. The charecteristics of variabjlity in these quantities within the atmospheric surface
layer, i.e.. turbulence and gravity-wave structure, are strungly affected by stratification of the mean
atmospheric temperature, vertical wind shear and the surface features of topography, buildings, trees, etc.
Another important meronautical problem arises from the occurrence of clear-air turbulence. Although this
problem arises most often at elavations above the atmospheric surface layer, the main cauee appears to be
associsted with intense wind shear and thermal atratification just as for the problems encountered at lower
levels. Thus, the disciplines of micrometeorology ani mesometeorology relsted to thermally-stretified shear
flows are vitally important to the aeronautical engineer.

Durtng the last decade important advances in micrometeorology and mesometecorology have been msde through
greatly accelerated research efforts stimulated by applications to non-seronautical problela"'. idany of these

* Professor Marschner replsced Profess>~ Truckeabrodt who could not ettend due to illness.
! Proceedings of an Internations! Sy=posius on “oundsry Layers and Turbulence with Geophysical Applicstions, 19-3¢ September

1966. Kyoto, Japan. Published in Phyrics of Fluids 10, No.9, Ssptesber 1987 (edited by K.P.Bowden, P.N.Preskiel and I.Tuni).

*sProceedings 1UCHM Colloquius on Spectrs of Meteorological Verisbles, 9-19 Juné 1969, Btockhols, Seeden, Published in
Radio Science, December 1889.
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advances in knowledge have been achieved through cooperative efforts of atmospheric scientists and fluid dynami-
cists, particularly, in the area of laboratory simulatiocn of atmospheric motiona. Accordingly, it was hizhly
wpropriste for the Pluid Dynamics Panel to organize a meeting to simulate application »f new knowledge and
techniques in meteorclogy on micro- and »es.- scales to ssronautical prcblems.

In essence, the primary purpose of the meeting was to stimulate communicaticn between atmospheric scientists
ard aeronauticsl engineers through the common language of fluid dynamics. The objectives of this communication
were to establish what is known sbout motiona of the atmosphere near the earth’s surface, to state the basic
protlems related to such flows and to examine some of the mpplications to {ndustrisl problems which may have
seronautical interest.

The scope of subject matter coversad by the meeting is rather well defined by its title * Aerodynemics of
Atmospheric Shear Flows . Primary emphasis was placed on motion in the stmospheric surface layer. Secondary
coneideration was given to shear layers ut high altitudes (clear-air turbuicnce) and shear flow over mountainous
topogrsphy (mcuntedin lee-waves). Withiu this range of subject matter the papers were confined to the following
three topical areas:

1. Fiow struct s - turbuiewce, zeun moiion
11. Basic problems ~ diffusion, similarity, and laboratory simulation

1I1. Industrial problems - wind forces on structures, diffusion.

The chosen scope of material provided ample opportunity for development of significant contributions of aaro-
nautical interest. Other related subject matter having impurtant aeromautical applications, such as strong
convective motions and thunder-storms, were excluded. A future meeting could be devoted profitably tc these two
topics.

3. PROGRAN EVALUATION

This evaluation attempts to analyze the contributions of the meeting with regard to completeness of funda-
mentrl knowledge and adequacy for treat~ent of the applied problems. Where possitle, directions for further
research are identified. Unfortunately. this evaluatjon reflects the writers’ strengths and weaknesses in this
subject matter; therefore, each reader should moderste thess comments with his personal knowledge and experiences
in the field.

3.1 Structure of Atmospheric Shear Flows

Papers 1, 5, 6 and B give valuable information on micro-structure of turbulent shear flows, particularly from
the view-point of similarity theory. Agreement of vertical velocity fluctuation spectra with Monin-Obukhov
similarity in the surface layer (from an elevation of about z, to 30m) is & useful result which simplifies the
specification of shear and thermal stratification on vertical turbulence. However, such agreement has been
verified only for flow aver flat boundaries of uniform roughness and temperature which leads to plane homogenecus
turbulence. This msans that for flow over surfaces of non-uniform roughness, temperature and vertical relief
no confidence can be placed on this result. We must ask questions such as how far downstream from a change in
boundary conditions will the Monin-Obukhov similarity be restored or, for & flow separated in passing over a
hill or structure, how far downstream from resttachments will similarity be reatored? Research in both the
laboratory and ..ue fleld will be required to answer such questions. On the other hand, Monin-Obukhov similarity
fails for 1 situdinal and lateral velocity fluctuation spectra. This finding opens a: interesting but difficult
area for investigation - relating the long wave-length longitudinal and lateral velocity fluctuations to the
govaetry of distant upwind mesc-scale topographic features and/or convection of large-scale longitudinal vortices
d1scussed in Paper 20.

No contributions were presented on the turbulence characteristics of wakes ir the atmospkere gownstream froa
build.>gs, hills, patches of trees, etc. Information on interacting shear flows is badly needed before some of
the sernautical problems listed in the introduction can be attacked successfully. The study reported in Paper
18 is a sample of the type of research required. However, this muat be expanded to include field messurements
and laborstory measurements in wind-tunnels capable of simulating the turbulence characteristics as well as the
mean velocity characteristics of oncoming atmospheric flows.

Paper 7 introduces u mechanistic wodel for tresting turbulent flows in which the mean velocity gradient
becomes zero or the mean flow field becomes three-dimensicnal. Since these features are generally present in
atmospheric shear flows, further developwent and verification ol the model should be undertaken in spite of its
complexity.

Stratitied atmospberic flow over complex terrain produces strong gravity wave systems such as those described
in Paper 3. Extensive analytical and experimental research efforts have been devoted to the study of this type
of flow over simple two-dimensional ridges®. Howsver, attempts to study such flows over rea) topography (three-
dimensional systems) have been very few. For this reason, "aper 11 represects an extremely important development

* Procesdings of s Symposium oo Mountain Meteorclogy 26 June 1987, Colcrado State University, Fort Collinms, lorada. At-
wospheric Science Paper No. 121 (Bdited by B.R.Neitar and J.L.Rasmussan).
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in the capability to describe coaplex flow structure over mountainous and hilly terrain. The present form of
the model described in Paper 11 does not include surface shear effects: therefora, it is capeble of predicting
flow atructure on the meso-scale but not on the micro-scale,

The occurrence of clear-air turbulence at high sltitudes often results frowm instability of stratified shear
layers such as those described in Paper 4. WNechanisms for the development of insts:ility o these layerc are
described in Paper 2. The authors of both Papers ] and 2 suggeat thet mountain lee-weves can perturb the upper-
level shear layers and produce instability which leads to clear-air turbulence. Strong convective motions may
also procduce instability of the stably stratified shear layer. Por application to tye planning of aircrsft
flight routes it follows thut the capability to forecast mountain lee-wave development sust be cultivated. This
subject was not discussed st the meeting; however, other conferences* have considered the prediction oroblem,

Atmospheric gravity waves can also be created frowm flow over a flat tevro5irial surfu.e of non-uniform temperature -

which produce a “heat-mountain’*. No contributions cn “heat-mountain’’ lee-wave formetion were presented at the
meetias. Much help is needed from the awvmospheric scieptist to help an unsuspecting pilot anticipate clear-air
turbhclenss which pay be triggered by such a phenomenon.

3.2 Basic Probless Related to Atmospheric Shear Flows

Coe class .. bmslc prubiems related Lo stmospueric shear flows is centered abcut the exteusinn of cur l-ow-
ledge on classical shear flows to account for complicating features encountered io the atmosphere. The dominant
features of concern are thermei stratification, high roughness eiements (forests and cities), wmn-uniformity of
surface roughness and/or surface temperature, non-planar boundaries (hills and mountains), rotation of the flow
system, and unsteadiness of the boundary conditions. These features complicate analytical efforts to the point
of frustration. Therefore, the study of simulated atmospheric shear flows in the laboratery to acquire both
basic knowledge and the solution to specific problems, has been developed intensively during the last decade,
Contributions to tnls section of the meeting - Papers 12, 13, 14, 15, 17, 18, and 22 - reveal that this approach
can be of great value.

Special iaboratory facilities and simulation techniques have not been developed which can be used to simul-
taneously study the effects of all the features listed in the preceding paragraph. For example, special
meteorological wind tunnels like the one shown in Paper 12 can simulate mahy micro-scale features of atmospheric
surface layers or large-scale flow features on the meso-scale; however, micro-scale motion cannot be simulated
currently in a model scaled to study mesomeéteoroiogical motions. This @eans that the investigator of a basic
atmospheric-shear-flow probles must design his experimental facilities to optimize similarity for the scale of
mot ion he wishes to study. On any scale, compromise with exact similarity is usually necessary. A challenge
for the future is to become abie to estimate the conmsequences of approximetions to exact similarity when the
sigulated flow is used in the study of a particular problem.

In the study of micro-scale motions of the atmoapheric surface layer in a wind tunnel only partial similarity
is attained because of Reynolds number limitations. This difficulty has motivated many efforts to synthesize
the structure of shear layers in a manrer which maximizes the effective Reynolds number. The long test-section
wind tunnel such a; referrec. to in Papers 12 and 17 yields satisfactory results; however, such facilities are
costly and cannot be developed easily from existing seronautical type wind tunnels. Accordingly, efforts to
utilize short test-section 'rind tunuels by introducing grids, screens and/or vortex generators such as described
in Pepers 13, 14 and 16 are commca. The resul:s given in Paper 14 indicate that a system based on large longi-
tudinal vortex generators has promise ¢f yielding the flow characteristics desired with a modest length of
working section.

The stability of stably stratified shear layvers fatroduces another important class of basic problems. Paper
15 presents the results of a coordinated effort to study these flows by the use of analysis, laboratory simula-
tion and field data. This paper not only provides definitive results but offers an excellent example of how
studies of atmospheric shear flows can be made complete by combining the results of analysis, laboratory studies
and field measurements.

Turbulent diffusion constititee a class of basic problems which has been studied in the laboratory and in the
ataosphere with similarity theory providing a basis for comparison of data. Paper 2] presents a significant
advence in the spplication of the Lagrangian similarity hypothesis in the atmospheric surface layer. By taking
into account that the lateral turbulence level is not uniquely specified by local similarity parameters an
sdditional parameter o, /u, 18 introduced into the analysis. Thie extended similarity forwulation gives pre-
dictions which are in excellent agreement with the data obtained from the diffusion experiments of Project
Prairie Grass. The question of what is the appiopriste value of o /u, for a particular site and specitic
meteorological conditions is still open. When diffusion through the entire planetary boundary layer must be
deslt with, the analysis presented in Paper 19 offers a promising cpproach.

Fiuid dynasical eftects produced by rotstion of the earth introduce some interesting basic problems. 1In the
case of an atmosphere with unstable density stratafication longitudinal vortices are shown to form which are
analogous to the clascical Taylor-Gortler vortices - Paper 20. These motions should havs s profound effect on
diffusion in the atmosphere; however. no known diffusion model accounts for such motions. Additiona] reseerch
should be devoted to a determination of how the strength of longitudinal vortices varies in time.

¢ proceedings of & Symposium op Clear Air Turbulence apd Its Detection, 14-16 August 1968, The Boeing Company. Seattle,
Weshington. Publiahed by Plenum Press, 1962 (Edited by Yik-Ho Pac asd A.Qoldburg.
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3.3 Industrial Probleas Related to Atmospheric Shear Flows

Problems of direct aeronautical applications were excluded from the group of contributed papers on industrial

problems. Thus, the many problems associated with flight dynsaics during teke-off and lunding were not considered.

However, the kinds of industrial probless discussei at the meeting were selected because of their importance
relative to the support of aeronautical activities.

Non-aseronsutical inductrial problems related to atmoapheric shear floxs are encountered primarily in the at-
mospheric surfsce laver. These include wind loading on structures; Jiffusion associated with sir polliution
probler:; wind-shelter deeign; dispersion of air released insecticides and fertilizers; evaporation of water
from water surfaces, soll and piants; wind genarated movement of soi], water and snow; dispersion of electro-
mmgnetic energy; etc. Papers 23 througbh 27 treated only the first three of these topics with major emphasis
on problems related to wind loading on structures.

Paper 23 provides an excellent review of wind loading on structures. The greatest difficulty in the snalysis
of such probleas ia related to the scarcity of appropriate types of wind data. particularly in city complexes.
Since the collection of appropriste statistical wind data by meteorcglogisis within city complexes for use by
siructural engineers is an alwost impossible task another approach {s necesssry. The approach which has been
used to study loading on recently proposed sonumental structures is to messure directly wind loading on a mode]
of the structure surrounded by a wodel of the city over which a aimulated wind i3 gessrated in a wind tumuel.
In this approach the meteorolcgist is cualled upoy for injormstion ahout the large-scale wind motion (direction,
speed and stabil ty) to be expected for the ares. Using the most severe of these winds as ambient flows over
the model, information on local wind statistics is provided by the serodynsmicist from measurements in the
simulated flow. A peed sti)]l remsins for a well Coordinsted laborutory and field stiudy in which the same wind
stotiatics are measured in the prototype and model flows., The daia could be anal,zed on a comparative basis
to determine bow faithfully the model simulates actusl local wind structure.

The new axperime:ta]l data on drag response of a flat plate as a function of the noo-dimensional frequency
(nD/V) and relstive longitudinal-integral turbulence scale (L,/D) presented in Paper 24 is, indeed, welcome.
Provided the upwind turbulence structure is known, the results presented can be used to give at least a first
approximation to wind forces on the upwind face of large buildings. Further research on this problem should
tuciude 8 systematic study on the effect of the relative lateral-integral turbulance scale L,/D on both drag
response and moment response.

No new results were presented on how to predict concentration cf pollutants downwind from power plant and
other industrial smoke stacks. When the atmosphere is strongly stratified. either stably or uastably, or the
plume is strongly heated or cooled (by wet-scrubbing) no reliable predictinn methods are available, The fluid
dynamicist should find this problem both challenging and rewarding.

4. CONCLUSIONS

The meeting sccomplished well the primary purpose for which it was intended - stimulation of cospmunication
between atmospheric scientists, seronautical engineers and fluid dynamicists. Evidence that the weeting was
timely snd sppropriate is given by tke subdued discussion, primarily by that part of the delegation composed
of aeronautical engineers, following many papera devoted to topics on structure of atmospheric shear flows.

This observation also suggests that, aside froa the review paper, the atmospheric scientists assumsd a greater
familiar.ty with the subject matter by the group than was actually warranted. Ope or two of the research papers
on structure of atsospheric shear flows sacrificed for the ssmwe number of review papers could have enhanced the
intended communication process.

Papers contributed to the meeting revesled that characteristics of the atmospheric surface layer over level
homogenecus rurfaces of large extent are well ostablished. However, in the more usual circumstances where the
unjfore surfaces are made nop-unifore by one Or more factora such as teaperature, high roughness elements
(trees, buildings, etc.), end topography very little knowledge of flow structure which is generally applicable
iz known. The complex boundary conditions develop flows having large spatial variability which is highly signifi-
cant to sany seronsutical applications. This situation presents to the atmospheric scientists a challenge for
establ Isheent of basic knowledge on the space variability of atmospheric variables through sjimultaneous multiple-
point sensings distriouted over a three-dimensionsl grid.

Contribut!-ns from fluid dynaa.cists documented an ever increasing use of lsborstory studies to investigate
both basic snd applied problems related to atmospheric shear flows. Simulation of the atmospheric shear flows
has Deen approximated sufficiently well, particuisrly for micro-scale sotfons, to persit useful velocity space-
variability atudies to be accomplished in the laboratory. This type of stmospheric msodeling can be used to
detersine flow atructure in urban complexes., in wakes downwind of structures, in forest clearings, and near
wind breaks. No other spproach to obtain such data sppears to be feasible; therefore, efforts to improve the
stmosphuric simulation capability ol laboratory tacilities should de encouraged.

A greater effort should be mace to communicate to seteorologists the type of wiad data needed by seronautical
engineers. Exceedance statistice - e.g., the probability that the difference in vertical wind speed at two
points will erceed prescribed values - for particular meteorological and surface conditions are badly needed.
The presentation of a review paper in the induastr al problems session on a subject such a8 analysis of siifoil
responge to guste would have helped generate discussion un the kinds of »ind dats desired.
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5. RECOMMENDATIONS

() The quality of the eavironment in all of the NATO countries is becoming sn 1asue of vital importence. Hence,
it appears that the fluld mechanics panel must take a more active role in the area of atmospheric flows gs
they pertain to questions of pollution, flight problems, and other local phenomena.

e o Ve

(b) Knowledge on atmospheric ahear flows is expanding rapidly through research on meny frontiers of imnortance
to seronautical applicstions. The capabilities for numerical simulstion and laboratory simulation of these
flows are baing developed in many countries; therefore, the Fluid Dynamics Panel should initiate planning

for a follow-up seeting on Atmospheric Aerodynamics in 1972 or 1973.

o
(c) An effort should be exerted to plan and finance a coordinated field and laboratory study to obtain data 2
to verify similarity between the wind-tunnel generated flow and the corresponding atmospheric shear flow. 3
In particular, a study of flow over an isolated lopographic feature would be useful to test the -oncept §
of laminar-flow modeling of weso-scale atmospheric motions. %
(d) The Pluid Dynamsics Panel should develop closer cosmmunication with meteorolugists and fluid dynamicists §
working on micro- and meso-scale motions of the utmosphere. Addition to the Panel of someone active in §
" this field should be considered. 3
3
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