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Six decades after the Wright Brothers’ first airplane flight, technology had advanced to alevel that made hyper-
sonic flight achievable. This incredible feat required major developments in aerodynamics, propulsion, structures,
materials, and control systems. One of the pioneers in the development of hypersonic aerodynamics was Lester
Lees, a noted teacher and researcher at Princeton University and the California Institute of Technology. Lees
advanced the knowledge base in hypersonic aerodynamics with work on boundary layers and heat transfer, flow
over ramps, cones, and blunt bodies, and the development of blunt-nosed reentry vehicles. He also made great
progress toward the maturation of the kinetic theory of gases. The advances made by Lees and his students enabled,
to a great degree, the development of hypersonic flight programs and the U.S. space program. To commemorate
these events, this paper presents a brief biographical sketch of Lester Lees including some anecdotes about his life,
presents his work in various fields of engineering, and discusses his contributions to hypersonic aerodynamics.
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Introduction

N 17 December 1903, Wilbur and Orville Wright made the

first sustained, heavier-than-air flight at Kitty Hawk, North
Carolina. Whereas others had failed, the Wright’s succeeded be-
cause of their scientific approach: they used theoretical analysis,
wind-tunnel testing, and glider flights to verify their concepts. Their
airplane reached a speed of about 35 mph and soared to an altitude
of approximately 10 ft, corresponding to a Mach number of 0.046.
On 22 September 1963, Robert M. White flew the North American
X-15 at 4520 mph at an altitude of 354,200 ft—a Mach number
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of 6.7! This remarkable achievement was accomplishedover such a
shortperiod of time as aresultofintensiveresearchand development
by a large number of scientists and engineers. One of the pioneers
among the group working on hypersonic aerodynamics was Lester
Lees (1920-1986). To commemorate the centennial of human flight,
we present a paper about Lester Lees, including a brief biographic
sketch, personal anecdotes, and a discussion of his contributionsto
aerodynamics, particularly to hypersonic aerodynamics.

In 1946, H. S. Tsien wrote the first paper on hypersonic aerody-
namics, coining the word “hypersonic” to describe the unique fea-
tures of flow in the “ultra” supersonic flight regime.! Tsien’s paper
followed the work of von Kdrmén, who wrote a paper on the similar-
ity law of transonic flow (which was publishedafter Tsien’s paper) 2
Because Tsien’s work followed that of von Karmadn, the velocity po-
tential formulation was employed as the theoretical framework for
devising the similarity laws for hypersonic flow. The theoretical hy-
personicconcepts were generalizedto rotational flow behind curved
strong shock waves by Hayes the next year.> (In fact, the hypersonic
similarity law can also be derived directly from Euler’s equation*)

To extend the work to viscous hypersonic flow in the late 1940s,
H. S. Tsien suggested that S. F. Shen at the Massachusetts Institute
of Technology (MIT) conductresearch on the hypersonicboundary
layer over a flat plate. In the early 1950s, Ting-Yi Li and Henry T.
Nagamatsu of the Hypersonic Group at the California Institute of
Technology (CalTech)extended Shen’s work.® At Princeton Univer-
sity, Ronald Probstein, writing his Ph.D. dissertation under Lester
Lees, took a more rigorous approach by obtaining similarity solu-
tions for a hypersonicboundary layer, outside of which lies a shock
wave.*” They found that the leading-edge region of the flat plate
had a strong interaction with the shock wave, whereas the down-
stream region had a weak interaction, which also prevailed in a
supersonic boundary layer. All of these developments were crucial
to enabling the flight of hypersonic vehicles. Lees and his students,
however, were not done making advances that would be crucial to
the development of hypersonic flight.

In 1952, Lees went to CalTech on a leave from Princeton; Ronald
Probstein followed him later. H. T. Yang (the senior author of this
paper) was assigned to help them complete a Princeton report on
hypersonics.” Yang was one of Lees’ first students in the Hyper-
sonic Group at CalTech, which was under the renewed leadership
of Clark B. Millikan and Lester Lees. It is interesting to note, there-
fore, that this paper is being written by Lester Lees’ academic “son”
and “grandson” because H. T. Yang was one of Lester Lees’ Ph.D.
students at CalTech and R. M. Cummings was one of H. T. Yang’s
Ph.D. students at the University of Southern California.
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Lees continued to work on hypersonicresearch while at CalTech,
directing many graduate studentson a variety of researchendeavors.
When taken as a whole, his developmentsin hypersonic flow theory
were crucial to the developmentof hypersonic vehicles (such as the
X-15) and the space program (including the Mercury, Gemini, and
Apollo programs). His developmentsincluded advancesin inviscid
flow theory (especially the developmentof modified Newtonian the-
ory), viscous flow theory (including the hypersonic boundary-layer
equations),high-temperaturegasdynamics,and the kinetic theory of
rarefied gases and stand as essential elements in our understanding
of hypersonicflow. Without these developments the major advances
in manned space flight of the 1960s would not have been possible.
We dedicate this paper to the memory of Lester Lees, a pioneer in
hypersonic aerodynamics, a gifted scientist, and a devoted mentor
to many students.

Lester Lees: Professor, Engineer, Scientist

Brief Biographical Sketch

A memorial tribute to Lester Lees was written in 1992 by F. E.
Marble.? Interested readers are referred to this enjoyable paper for
further details about Lester Lees’ life and work. We will only give
a brief biographical sketch in this paper, but we will complement it
with some anecdotes in the next subsection. Lester Lees was born
in New York City on 8 November 1920, and passed away on 10
November 1986, two days after his 66th birthday. He finished high
school in 1937 and was admitted to MIT at the age of 16, where he
received his B.S. and M.S. degrees in aeronautical engineering in
1941 (Ref. 8). Soon thereafterhe joined the U.S. Air Force Air Mate-
rial Command at WrightField in Ohio, where Theodore von Kdrmdn
met him and convinced him to come to CalTech in 1942. During
World War I, he was assigned to the National Advisory Committee
for Aeronautics (NACA) Langley Memorial Aeronautical Labora-
tory, where he worked on many of the theoretical developments
that would make him a well-known name in aeronautics, includ-
ing his concepts on stability theory for compressible laminar flows.
In the late 1940s he joined the aeronautical engineering faculty of
Princeton University where he was an active participant at the Gas
Dynamics Lab on the James Forrestal campus.’ (Information on the
Princeton aeronautical engineering program is available online at
http://www.princeton.edu/~mae/SHL/pic/glassman.html.) He for-
mally returned to CalTech in 1953 and worked for the next 33 years
in the Aeronautics Departmentand later in the Environmental Qual-
ity Laboratory (Fig. 1).

Personal Anecdotes

There are a great number of legendary stories about Theodore
von Kdrmdn; most aerodynamicistsknow some of these. Although
stories about Lees are not quite as flamboyant as those of Theodore
von Karmadn, they are recalled with special fondness and warmth
by those who worked with him. Most of the following observations
and anecdotes are from the senior author of this paper, and others
can be found in Ref. 8.

One of the fondest memories of Lester Lees’ former students
is of the “legendary” parties that he would hold in his home, co-
hosted by his wife Connie. Lees was a noted gourmet and wine
aficionado, while Connie was an excellent cook. They invited stu-
dents, among others, to their home at Altadena for hearty meals
and thought-provoking conversation. “These students were an in-
tegral part of Lester’s and Connie’s life; essentially they were his
extended family.” Figure 2 shows a birthday tribute to Lester Lees
at The Huntington Hotel in Pasadena around 1980 by his students,
many of whom enjoyedeveningsat the Lees’ home. This picture was
arranged by, among others, D. R. S. Ko, who donated and dedicated
on 8 January2001 the Lees—Kubota Lecture Hall in the Guggenheim
building on the CalTech campus.

Lester Lees was also quite well known for enjoying a good argu-
ment. When Lees discussed topics with his colleagues or students,
he would address them by their name if he agreed with them. Oth-
erwise, if he did not agree, he would call the person “my friend,”
which ensured that a good argument was soon to follow.

Fig. 1 Lester Lees at CalTech (courtesy of the Archives, California
Institute of Technology, Pasadena, California).

As has been true with other well-known aerodynamicists (R. T.
Jones for example), Lees did not pursue his doctorate; he was,
however, an outstanding scholar. In a 2 February 1947 Langley
group photo hung on his office wall, with Dr. T. von Karman, Dr.
H. L. Dryden, Dr. H.S. Tsien, and 26 others, most are labeled as
“Dr.,” including Lees; he dutifully corrected the “D” on the photo to
“M(r. Lees).” When H. T. Yang was on doctoral committees, some
colleagues would say that all members should posses a doctoral
degree. Remembering his mentor, Lester Lees, Yang would remark
thatif this were the case there would neverhavebeen a firstdoctorate
degree.

Although Lees was a prolific researcher (see the Appendix for
a list of his publications), he did seem to take his work modestly.
After completing some researchresults,he was known to say, “What
we are doing is not going to shake the foundation of the Earth.” In
truth, however, much of his work laid the very foundations for the
development of hypersonic flight and space travel.

Inadditionto his technicalmentoring of students, Lees also taught
about the various professional aspects of being an engineer. He told
them that to write a good paper they should assume the reader does
not know anything about the subject matter. Lees would say, “Like
a symphony, in which the theme is repeated many times, so are the
main points of the paper repeated as necessary.” He also was ahead
of his time in asking that his students not use the passive voice in
their writing. He said to avoid using, “It is well known...,” or “It
can be easily shown that. ...”

Another aspect of professionalismdisplayed by Lees was his re-
fusal to publish the same work over and over again. In the “publish
or perish” days of the time, some authors presented the same paper
or its variation several times. For example, in the late 1950s the
annual meeting of the Institute of the Aeronautical Sciences was
held at the Statler Hotel in midtown Manhattan Monday through
Thursday. The Fluid Dynamics Division of the American Physical
Society held its meeting at the Hotel New Yorker in lower Man-
hattan Friday and Saturday. The latter conference often featured
repeat performances of papers from the former conference, with
the same audience and same presenters showing the same results.
When frequently invited to speak at such events, Lees would of-
ten decline by saying, “I have nothing new to report at this time,”
to avoid repetition merely for the sake of padding his curriculum
vitae.
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Fig. 2 Lester Lees CalTech Tribute: Professor, Engineer, Scientist; Magna Cum Laude (includes pictures of his CalTech students: Ai, Alber, Batt,
Behrens, Brinker, Cassady, Chapkins, Collins, Demetriades, Dewey, Fernandez, Glick, Gold, Gran, Herzog, Hartwing, Hill, Igawa, Kendall, Kingsland,
Klineberg, Ko, Kubota, Lee, Lewis, C. Liu, J. Liu, Marlotte, Matthews, McCarthy, McMahon, Munson, Mohlenhoff, Nicholson, Oliver, Rabinowitz,
Ramaswamy, Reshotko, Richmond, Sigal, Tracy, Tyson, Voctoria, Witte, Wood, Wu, Wu, and Yang).

Lees not only worked in a variety of scientific and engineering
areas, including solar wind and the environment, but he was also
interested in cultural events and community affairs. In addition to
the various committees he served on as mentioned in Ref. 8, he
succeeded Clark B. Millikan as the Chairman of the CalTech Faculty
Committee on the Jet Propulsion Laboratory. Furthermore, he even
ran one time for public office in Altadena by simply listing himself
as, “Lester Lees, Teacher.” His interests and pursuits of knowledge
seemed to have no bounds.

Lees was also very supportive of, and engaged in, the future ca-
reers of his students, which sometimes meant that he helped them
gain employment, but at other times meant that he would discour-
age students from taking jobs that he was not convinced would
enhance a student’s future. After H. T. Yang completed his Ph.D
in 1955, he was retained as a Research Fellow in the Hypersonic
Group at CalTech. [That year CalTech graduated 8 Ph.D.s in aero-
nautics, making a total of 115 since 1932 (Ref. 10).] One day a
notice appeared on the bulletin board announcing a job opening at
the Institute for Fluid Dynamics and Applied Mathematics at the
University of Maryland. Yang requested some information and re-
ceivedan invitationfrom his formerteacher Shih-I1Pai (a 1940 Ph.D.
studentunder von Kédrmdn) to join the group headed by himself and

J. M. Burgers (a contemporary of, and coauthor with, von Kdrmén).
When the senior author left CalTech for Maryland, Lees told him,
“My friend, you will be sorry.” Apparently in this situation Lees’
opinion turned out to be somewhat ironic—if the senior author had
not left CalTech, he would not have met the first author, and this pa-
per would not have been written. But more frequently Lees’ advice
and aid was crucial to the success of his students. All in all, Lees’
students have made significant contributions to aerodynamics, in
part due to his mentoring.

Work in Fields Other Than Hypersonic Aerodynamics

Early in his career, Lees worked on a variety of aerodynamic
research topics prior to begining his work on hypersonics. Primary
among these topics were compressibility correctionsand boundary-
layer stability. In addition, later in his career he became interested
in environmental issues and made important contributions to that
field as well. This section describes some of Lees’ contributionsin
areas of research other than hypersonics.

The Prandlt-Glauert compressibility rule was successfully ap-
plied to two-dimensional subsonic flow in the 1920s.!! The com-
pressibility correction allowed experimental data or results from
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incompressible potential flow theory to be extended to various sub-
sonic flight conditions by multiplying velocities and pressures by
the factor 1/4/(1 — M2 ). The extension of the compressibility cor-
rection to three-dimensional flow was not straightforward; the dif-
ficulty, as first pointed out by Gothert in 1940, was caused by
the boundary conditions.!” Lees did a thorough analysis in 1946
(Ref. 13) and correctedhis previouswork with Tsien on the subject'*
by stating that the velocity and pressure variation over a slender
body was givenby 1/(1 — M2 )2, a significant difference from the
Prandtl-Glauert correction. The discovery of the new form of the
factorallowed for a more appropriate compressibility correction for
fuselages and missile bodies, an important contribution at the time.

The stability of laminar boundary layers was studied by C. C.
Lin, among others, in a series of papers during the early 1940s.1~18
In collaboration with Lin, Lees investigated the stability of laminar
boundarylayersin compressibleflow,!® and Lees later continued the
work on his own.?*?! The results of this ground-breaking work en-
abled others (such as van Driest?? and Spalding and Chi*®) to create
practicalengineering methods for the prediction of skin friction and
heat transfer at supersonic speeds, which aided in the development
of airplane, missile, and launch vehicle technology.

Early in the 1970s CalTech created the new (and timely) En-
vironmental Quality Laboratory. The President of CalTech at the
time, Harold Brown, asked Lees to become the first director of the
lab. “Under his stimulating guidance, this became a flourishing and
prolific organization.”® Lees did not shy away from making public
comments about the poor state of the environmentin Southern Cal-
ifornia, including “before their time” opinions about smog, power
plants, and the impact of population growth on environmental qual-
ity (see Ref. 24 for example). The amazing aspect of his work at the
Environmental Quality Laboratory is that he continued developing
concepts in hypersonic aerodynamics and returned to his position
as Professor of Aeronauticsin 1974.

Lees’ Contributions to Hypersonic Aerodynamics

The hypersonic flow regime is considered to be a distinct flow
regime from supersonic flow because a variety of distinguishingef-
fectstakes place when the freestream Mach numberreachesapproxi-
mately M, ~ 5. Althoughthe hypersonicflow regime has no precise
Mach-number range and the preceding value serves only as a rule
of thumb, hypersonic flow begins when the flow experiences some
of the following five distinguishing effects*>: 1) thin shock layers,
2) entropy layers caused by curved shocks, 3) viscous-inviscidin-
teractions, 4) high-temperature effects (such as dissociation) and
extreme heat transfer, and 5) low-density flows such as rarefication
(typicallydueto reentry or attemptsto achieveorbitor high altitude).

The extreme nature of the hypersonic flow regime can have pro-
found effects on the design of flight vehicles (as shown in Fig. 3).
The high temperatures and pressures associated with hypersonic
flight force designers to create lifting-body shapes with blended
wing surfaces. The flight conditionsjust listed (usually taking place
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Fig. 3 Characteristics of hypersonic flow (from Ref. 25).

athigh altitudes)also make it difficult to model hypersonicflight ac-
curately in wind tunnels because of the inability of tunnels to match
the Mach and Reynolds number (as well as high enthalpy) charac-
teristics of atmospheric flight. These technical challenges make the
accomplishments of Lester Lees even more important and impres-
sive. Lees developed theoretical models that enabled designers to
create hypersonic vehicles in spite of the complexity of the flow-
field, an accomplishment that is all the more amazing considering
that his theories and concepts are still widely used to this day. For
more detailed reviews of hypersonic flow theory and research, see
Refs. 4 and 25-27. Lees conducted a logical and ever-widening set
of research into hypersonic aerodynamics, beginning with inviscid
flow theory, eventually adding viscous effects, and finally includ-
ing high-temperatureand rarefied gas effects in his models. Each of
these developments will be addressed individually.

Inviscid Flow Theory

Lees began his work in hypersonicflow by trying to relate hyper-
sonic flow to supersonic flow, following the well-established simi-
larity concepts of the time. Because compressibility effects had first
been taken into account by similarity to incompressible flow, most
researchers continued to work on this notion for supersonic flow
and eventually hypersonic flow. Tsien had developed a hypersonic
similarity parameter xk = M, T, where t is the slenderness ratio of
the body (which is the inverse of the body fineness ratio £/d), and
he showed that the parameter could be used to relate flows at dif-
ferent Mach numbers and body shapes.! In other words, two bodies
in hypersonic flow at different Mach numbers will display identi-
cal aerodynamic characteristics if the product of the Mach number
and slenderness ratio is identical. Lees “put legs” on this theory
by analytically discovering the limitations of applicability in both
Mach number and body slenderness ratio. Lees found that as long
as the body was relatively thin (the cone half-angle was less than
approximately 24 deg) then the hypersonicsimilarity parameter was
valid throughout the hypersonic flow region, as well as most of the
supersonic flow region?® This meant that already existing super-
sonic results for cones?® could be used for hypersonic flow as well,
which was an important conclusion. Lees also hypothesized that
these results would work for cones at an angle of attack and for
ogival bodies—more results that showed great applicability.

After solving the “building block” flow for cones, Lees continued
by investigating the applicability of similarity rules for hypersonic
flow over ramps (or wedges).>° Lees’ work on ramps led to conclu-
sions similar to the previous cone work, which created a method for
treating two- and quasi-two-dimensional flows over slender bod-
ies because both hypersonic flow over wedges and cones could be
related to their supersonic counterparts. With this work Lees was
quicklyhelpingto developmethods that would allow for the inviscid
analysis of hypersonic vehicles at an engineering application level.

Perhaps the best known of Lees’ theoreticaldevelopmentsfor hy-
personic flow was his extension to Newtonian flow theory. Newton
had postulated the forces acting on solid surfaces based on the as-
sumption that the component of momentum normal to the surface
was lost during the interaction of the fluid with the surface.*! This
led to a rather simple result for the pressure coefficient acting on a
surface inclined at an angle 6 to the freesteam flow:

C, =2sin’0 (1)

Newton’s flow theory did not do a good job predicting the
pressures in incompressible flow and was unduly blamed to have
delayed human flight because of the low lift-to-drag ratio pre-
dicted, but his basic assumptions matched hypersonic flow quite
well.2 As the freestream Mach number increases, the Mach angle
= sin"'(1/M,) approaches zero. As the Mach angle continues
to decrease, the assumptions of Newton’s theory become approxi-
mately satisfied because the shock decreases the normal component
of velocity, analogous to the flow losing its normal component of
velocity. Therefore, Newtonian flow theory is technically valid for
a freestream Mach number of M, — oco.

Lees noted that Newtonian flow theory yielded a stagnation
pressure coefficient of C, =2 when 6 =90 deg. However, when
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reviewing the available experimental data for hypersonic stagna-
tion pressures he noticed that the stagnation pressure coefficient
never reached a value of C,, =2. Based on these observations, Lees
proposed that the Newtonian flow theory should be modified for
noninfinite Mach numbers as*?

Cp = Cp max Sinz 0 (2)
where C), max could be supplied from experimental data or by using

Cpmax = (p(lz - poo)/qoo (3)

where py, is the stagnation pressure behind a normal shock at the
freestream Mach number (obtained from the Rayleigh pitot for-
mula). This approach has become known as modified Newtonian
flow theory and supplies engineers with a straightforward way to
find pressures on surfaces in spite of the complexities of the hyper-
sonic flowfield. An immediate, and important, application of these
concepts was for reentry vehicles, which for the purposes of reliev-
ing heat-transfer problems use blunt shapes for the nose. Modified
Newtonian theory allowed for the analysis of pressures on blunt-
nosed vehiclesand became an importanttoolin their development—
most previoussurface inclinationmethods had been limited to small
angles and could not have been properly used for blunt noses.

Viscous Flow Theory

The research work of Lees for hypersonic boundary layers and
heat transfer was a natural extension of his previous work for super-
sonic viscous flow, but followed a more difficult path.20 H. S. Tsien,
while still at MIT, suggested that S. F. Shen conduct part of his
doctoral thesis on the hypersonic boundary layer over a flat plate.>
The approach uses the Karman—Pohlhausenintegral method by as-
suming a linear velocity profile across the boundary layer, which is
supposedto coincide with the shock wave. In the early 1950s, Ting-
Yi Li and Henry T. Nagamatsu of the Hypersonic Research Group
at CalTech extended Shen’s work by assuming a quartic velocity
profile.> At Princeton, Ronald Probstein, writing his Ph.D. disser-
tation under Lester Lees, took a more rigorous approach by obtain-
ing similarity solutions for a hypersonic boundary layer, outside of
which lies a shock wave.57-3 They found that the leading-edge re-
gion of the flat plate had a strong interaction with the shock wave,
whereas the downstream region had a weak interaction, which also
prevailed in a supersonic boundary layer.

In his 1955 survey paper’® Lees mentioned the joint effort with
Li and Nagamatsu to clarify the two different approaches. When
the momentum integral method employed by Li and Nagamatsu is
carried out in Howarth coordinates for density transformation, the
results obtained by Stewartson agree within 2% with those obtained
by Lees and Probstein. However, the Li and Nagamatsu method is
conceptually incorrect by assuming the shock wave and boundary
layer coincide, which violates the conservation of mass. Further-
more, the Li and Nagamatsu approach was limited only to strong
interactions.

At the CalTech Hypersonic Research Group, Lees continued this
work and directed, with Clark B. Millikan, theoretical and experi-
mental research in hypersonic flow. He also consulted on the topic,
mainly for Ramo and Wooldridge, who left Hughes Aircraft Com-
pany to start the Intercontinental Ballistic Missile (ICBM) program
in the 1950s. Some of Lees’ publications on hypersonic flow are a
direct result of this effort.

In his 1957 survey paper®® the effect of the blunt tip of the flat
plate on the theoretical infinitely thin leading edge was addressed;
Lees found blast-wave theory useful in this case. In obtaining the
similarity solution for the hypersonic boundary layer, the transfor-
mation of the streamwise and normal independent variables was
named on p. 229 of Ref. 4 as the Lees—Dorodnitsyn transformation.
Lees also continuedhis stability work with Reshotko and others (see
list of publications in the Appendix) and quickly followed up with
the developmentof the hypersonic boundary-layerequations’” and
applicationsto flow over ramps* and blunt-nosedbodies (including
stagnation-regionheating)3®

High-Temperature Gas Dynamics

High-temperature effects occur in hypersonic external flow over
vehicles such as spacecraft and in internal flows in powerplants
such as rockets. In the case of atmospheric flight, the kinetic energy
of high-speed air around the vehicle is converted into thermal en-
ergy, which is aerodynamic heating. The vibrational degree of air
molecules (it is sometimes expedient to treat air as a simple gas)
will be excited at about 800 K. At 1 atm the oxygen molecule starts
to dissociate at about 2000 K, and nitrogen starts at 4000 K; above
9000 K ionization will take place. Therefore chemicalreactionsand
electromagnetic effects will take place within the flowfield.

Lees, following the suggestion of S. S. Penner, treated air as a
simple gas and consideredonly binary diffusionin his laminar heat-
transfer work.*® The chemical processes are very complicated, and
not all of the rate constants are known, and so he considered two
limiting cases. One is equilibrium flow where the chemical process
is very fast and thermodynamic equilibrium is established instan-
taneously. The other is frozen flow where the process is very slow,
the chemical process does not take place, and the air molecules re-
main dissociated. The solid boundary is assumed catalytic or not,
with and without mass addition. The pressure is also needed to ana-
lyze the heat transfer. It turned out his modified Newtonian formula
worked very well. The underlying reason is that pressure is a me-
chanical entity, not affected by the chemistry. The real-life situation
lies within the fortunately not too large ballpark bounded by those
limiting cases. Lees was not content to stop there, extending his
work to also study the ablation phenomenon, which would have
crucial importance to hypersonic vehicles such as the X-15. A good
summary of his results for ablation can be found in Ref. 39.

Kinetic Theory of Rarefied Gases

As the speed and altitude of a flight vehicle increases, the Mach
number also increases while the Reynolds number decreases. As
a result, the Knudsen number Kn (which can be expressed as the
ratio of Mach number to Reynolds number) increases. The Knudsen
number is the ratio of the mean free path of the atmospheric gas
particlesrelativeto the characteristiclength of the vehicle. Therefore
for Knudsen numbers greater than 0.1, the continuum gas dynamics
assumptionis no longer valid, and the kinetic theory of rarefied gas
dynamics should be employed.

The first article on the mechanics of rarefied gases was written
by Zahm in 1934 (Ref. 40) which was only of academic interest at
the time. In 1946, Tsien*! wrote an important paper on this branch
of fluid mechanics as it became practical as a result of the progress
being made in propulsion. Tsien directed the first Ph.D. dissertation
in this area by Richard Schamberg in 1947 at CalTech, and then
Tsien left for MIT. The experimental and theoretical research on
rarefied gases was picked up at University of California, Berkeley,
under Samuel A. Schaaf, Lawrence Talbot, Frederick S. Sherman,
and others. In the early 1950s the senior author resumed the study
of rarefied gas dynamics in the Hypersonic Group under Henry
Nagamatsu and Ting-Yi Li. The first approach was using Burnett
equationsand Schamberg boundary conditions. At the same time the
Grad 13-momentequationsand boundary conditions, which contain
the Burnett equations and boundary conditions, were also studied.
When Lees came to CalTech, the senior author was assigned to him
and the research continued using Grad’s equations.

Lees’ ingenuity showed up in at least two aspects while directing
H. T. Yang’s dissertation** First, the boundary conditions had been
derived mathematically by Grad, but Lees was not totally satisfied
with this approach. Lees directed Yang to derive them based on the
physical conservation laws of mass, momentum, and energy at the
solid boundary. The second ingenious aspect relates to the solution
of the Rayleigh problem by an inversion of the Laplace transform.
To solve the linearized partial differential equations, the method
of Laplace transforms was employed. During that time, computers
were not yet widely used, and numerical inversions of the Laplace
transform had not yet been developed. To invert the transform, most
researchersemployed small and large time approximations, a fairly
typical approach at the time. But to invert for the entire time range,
Lees took a new step that was out of the ordinary. He suggested that
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the transformed solution at the boundary be plotted and approxi-
mated by terms from the large and small ends of the transformed
variable, corresponding to small and large time. Graphically the
approximate curve is very close to the exact one. The approximate
transform was readily inverted and gave excellentresults for the skin
friction of the Rayleigh problem, whose value transits from classical
friction for large time to free molecule instead of infinity for initial
time. Lees told the seniorauthor, “I talked to C. C. Lin (on sabbatical
from MIT) about this inversion. He said this method could not be
proved rigorously but it worked.” This shows the insight Lees had
with applying mathematics to physical problems, which is similar
to Heaviside’s invention of operational calculus, and equivalently
the Laplace transform. After completing his thesis, Yang continued
to work with Lees on rarefied gas dynamics (see the publicationlist
in the Appendix for details). It is to be noted that Rayleigh’s prob-
lem as well as Couette flow could be considered as “poor man’s”
versions of the more difficult flat-plate problem.

Lees then directed Ph.D. theses in rarefied gas dynamics by
K. Y. Ai, Y. C. Wu, and C. Y. Liu. Lees devised an integral method
employing a two-sided discontinuous molecular velocity distribu-
tion function. Liu under Lees direction solved the nonlinear Couette
flow and other problems.*>*** Finally, Lees wrote the definitive work
on rarefied gasdynamics in 1965, “Kinetic Theory Description of
Rarefied Gas Flow,” which is still useful to this day.*> Taken as a
whole, these developments in hypersonic aerodynamics served en-
gineers well throughoutthe 1950s and 1960s and are still being used
today. Whereas many developments of that time have fallen by the
wayside of aerospace progress, Lees’ contributions continue to find
a useful place in hypersonic research and education.

Conclusions

Some people have said that Lester Lees was the “father of hy-
personics.” If that is true, then H. S. Tsien was the “grandfather”
and Theodore von Karmdn was the “great uncle,” but that debate
could go on forever! Regardless of how one classifies his contribu-
tions, however, there is little doubt that Lester Lees was positioned
perfectly in the late 1940s and throughoutthe 1950s to make funda-
mental contributions to hypersonic research. His developments in
inviscid flow theory (especially the development of modified New-
tonian theory), viscous flow theory, high-temperaturegasdynamics,
and the kinetic theory of rarefied gases stand as essentialelementsin
our understanding of hypersonic flow. Without these developments
the major advances in manned space flight of the 1960s would not
have been possible. The incredible advances in aeronautics and as-
tronautics of the second half of the 20th century make a perfect
capstone to the development of the airplane in the first half of the
century, and place Lester Lees at the forefrontof aerospaceresearch
and development.

Appendix: Publications of Lester Lees
in Chronological Order

Meeting papers that were later published as journal papers are
not included.

Tsien, H. S., and Lees, L., “The Glauert-Prandtl Approximation
for Subsonic Flows of a Compressible Fluid,” Journal of the Aero-
nautical Sciences, Vol. 12, No. 2, 1945, pp. 173-187, 202.

Lees, L., and Lin, C. C., “Investigation of the Stability of the
Laminar Boundary Layer,” NACA TN-1115, Sept. 1946.

Lees, L., “A Discussion of the Application of the Prandtl-Glauert
Method to Subsonic Compressible Flow over a Slender Body of
Revolution;” NACA TN-1127, Sept. 1946.

Kahane, A., and Lees, L., “The Flow at the Rear of a Two-
Dimensional Supersonic Aircraft,” Aeronautical Engineering Lab.,
Rept. No. 110, Princeton Univ., Princeton, NJ, 1947.

Lees, L., “The Stability of the Laminar Boundary Layer in a
Compressible Fluid,” NACA TN-1360, July 1947.

Lees, L., “The Stability of the Laminar Boundary Layer in a
Compressible Fluid,” NACA Report 876, 1947.

Lees, L., “Project Squid: Remarks on the Interaction Between
Shock Waves and Boundary Layers in Transonic and Supersonic

Flow,” Aeronautical Engineering Lab., Rept. No. 120, Princeton
Univ., Princeton, NJ, 1947.

Lees, L., “Project Squid: Stability of the Laminar BoundaryLayer
with Injection of Cool Gas at the Wall,” Aeronautical Engineering
Lab., Rept. No. 124, Princeton Univ., Princeton, NJ, 1948.

Charyk, J. V., and Lees, L., “Condensationof the Components of
Air in Supersonic Wind Tunnels,” Aeronautical Engineering Lab.,
Rept. No. 127, Princeton Univ., Princeton, NJ, 1948.

Bogdonoff,S. M., and Lees, L., “Study of the Condensationof the
Components of Air in Supersonic Wind Tunnels, Part I: Absence of
Condensation and Tentative Examples,” Aeronautical Engineering
Lab., Rept. No. 146-PT-1, Princeton Univ., Princeton, NJ, 1949.

Lees, L., “Stability of the Supersonic Laminar Boundary Layer
with a Pressure Gradient,” Aeronautical Engineering Dept., Rept.
No. 167, Princeton Univ., Princeton, NJ, 1950.

Lees, L., “Note on the Hypersonic Similarity Law for an Unyawed
Cone,” Journal of the Aeronautical Sciences, Vol. 18, No. 10, 1951,
pp. 700-702.

Lees, L., and Probstein, R. F., “Hypersonic Viscous Flow over a
FlatPlate,” AeronauticalEngineeringLab., Rept. No. 195, Princeton
Univ., Princeton, NJ, 1952.

Lees, L., “On the Boundary Layer Equations in Hypersonic Flow
and their Approximate Solution,” Aeronautical Engineering Lab.,
Rept. No. 212, Princeton Univ., Princeton, NJ, 1952.

Crocco, L., and Lees, L., “A Mixing Theory for the Interac-
tion Between Dissipative Flows and Nearly Isentropic Streams,”
Journal of the Aeronautical Sciences, Vol. 19, No. 10, 1952,
pp. 649-676.

Probstein, R. F., and Lees, L., “On the Recovery Factor for Hy-
personic Flow with a Self-Induced Pressure Gradient,” Aeronautical
Engineering Lab., Rept. No. 217, Princeton Univ., Princeton, NJ,
1953.

Lees, L., “On the Boundary-LayerEquationsin Hypersonic Flow
and Their Approximate Solution,” Journal of the Aeronautical Sci-
ences, Vol. 20, No. 2, 1953, pp. 143-145.

Probstein, R. F., and Lees, L., “On the Recovery Factor for Hy-
personic Flow with a Self-Induced Pressure Gradient,” Journal of
the Aeronautical Sciences, Vol. 20, No. 4, 1953, pp. 291, 292.

Lees, L., “Hypersonic Viscous Flow over an Inclined Wedge,”
Journal of the Aeronautical Sciences, Vol. 20, No. 11, 1953,
pp- 794, 795.

Lees, L., and Probstein, R. F., “Hypersonic Flows of a Viscous
Fluid,” Princeton Univ., Princeton, NJ, 1953 (unpublished mono-
graph).

Lees, L., “Fluid-Mechanical Aspects of Flame Stabilization,” Jet
Propulsion, Vol. 24, No. 4, 1954, pp. 234-236.

Lees, L., “HypersonicFlow,” Proceedingsofthe 5th International
Aeronautical Conference, Inst. of the Aeronautical Sciences, Los
Angeles, 1955, pp. 241-276.

Lees, L., “Laminar Heat Transfer Over Blunt-Nosed Bodies at
Hypersonic Flight Speeds,” Jet Propulsion, Vol. 26, No. 4, 1956,
pp- 259-269.

Lees, L., “Influence of the Leading-Edge Shock Wave on the
Laminar Boundary Layer at Hypersonic Speeds,” Journal of the
Aeronautical Sciences, Vol. 23, No. 6, 1956, pp. 594-600.

Yang, H. T., and Lees, L., “Rayleigh’s Problem at Low
Mach Number According to the Kinetic Theory of Gases,”
Journal of Mathematics and Physics, Vol. 35, No. 3, 1956,
pp. 195-235.

Lees, L., “Recent Developmentsin Hypersonic Flow,” Jet Propul-
sion, Vol. 27, No. 11, 1957, pp. 1162-1178.

Yang, H. T., and Lees, L., “Plane Couette Flow at Low Mach
Number According to the Kinetic Theory of Gases,” 5th Midwest-
ern Conference on Fluid Mechanics, edited by A. M. Kuethe and
T. C. Adamson Jr., Univ. of Michigan Press, Ann Arbor, MI, 1957,
pp. 41-65.

Lees, L., and Kubota, T., “Inviscid Hypersonic Flow over Blunt-
Nosed Slender Bodies,” Journal of the Aeronautical Sciences,
Vol. 24, No. 3, 1957, pp. 195-202.

Lees, L., “Similarity Parameters for Surface Melting of a Blunt-
Nosed Body in a High Velocity Gas Stream,” 3rd Symposium
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on High-Speed Aerodynamics and Structures, 1958, Vol. 4,
pp. 73-110.

Lees, L., “Note on the Stabilizing Effect of Centrifugal Forces on
the Laminar Boundary Layer over Convex Surfaces,” Journal of the
Aeronautical Sciences, Vol. 25, No. 6, 1958, p. 407.

Lees, L., “Convective Heat Transfer with Mass Addition and
Chemical Reactions,” 3rd AGARD Colloquium Combustion and
Propulsion, 1958, pp. 451-499.

Lees, L., “Re-Entry Heat Transfer,” Astronautics, Vol. 4, No. 3,
1959, pp. 22, 23, 60, 62, 65.

Lees, L., “Similarity Parameters for Surface Melting of a Blunt
Nosed Body in a High Velocity Gas Stream,” ARS Journal, Vol. 29,
No. 5, 1959, pp. 345-354.

Lees, L., Hartwig, F. W., and Cohen, C. B., “Use of Aerody-
namic Lift During Entry into the Earth’s Atmosphere,”ARS Journal,
Vol. 29, No. 9, 1959, pp. 633-641.

Lees, L., “Ablation in Hypersonic Flows,” 7th Anglo-American
Aeronautical Conference, 1959, pp. 344-362.

Yang, H. T., and Lees, L., “Rayleigh’s Problem at Low Reynolds
Number According to the Kinetic Theory of Gases,” st Interna-
tional Symposiumon Rarefied Gas Dynamics, Pergamon, New York,
1960, pp. 201-238.

Lees, L., and Reshotko, E., “Stability of the Compressible Lam-
inar Boundary Layer,” AGARD, Rept. 268, April 1960.

Liu, C. Y, and Lees, L., “Kinetic Theory Description of
Plane Compressible Couette Flow,” 2nd International Symposium
on Rarefied Gas Dynamics, Academic Press, New York, 1961,
pp- 391-428.

Lees, L., “Hypersonic Flow at Low Reynolds Number,” Progress
in Astronautics and Rocketry, Vol. 7, 1962, pp. 11, 12.

Lees, L., and Reshotko, E., “Stability of the Compressible Lam-
inar Boundary Layer,” Journal of Fluid Mechanics, Vol. 12, Pt. 4,
1962, pp. 555-590.

Lees, L., and Hromas, L., “Turbulent Diffusion in the Wake
of a Blunt-Nosed Body at Hypersonic Speeds,” Journal of the
Aero/Space Sciences, Vol. 29, No. 8, 1962, pp. 976-993.

Lees, L., and Liu, C.-Y., “Kinetic-theory Description of Conduc-
tive Heat Transfer From a Fine Wire,” Physics of Fluids, Vol. 5,
No. 10, 1962, pp. 1137-1148.

Lees, L., “Hypersonic Wakes and Trails,” AIAA Journal, Vol. 2,
No. 3, 1964, pp. 417-428.

Lees, L., “Interaction Between the Solar Plasma Wind and
the Geomagnetic Cavity,” AIAA Journal, Vol. 2, No. 9, 1964,
pp. 1576-1582.

Lees, L., and Reeves, B. L., “Supersonic Separated and Reattach-
ing Laminar Flows: I. General Theory and Application to Adiabatic
Boundary-Layer/Shock-Wave Interactions,” AIAA Journal, Vol. 2,
No. 11, 1964, pp. 1907-1920.

Behrens, W., and Lees, L., “Reply by Authors to A. Goldberg,”
AIAA Journal, Vol. 3, No. 5, 1965, pp. 991, 992.

Lees, L., “Kinetic Theory Description of Rarefied Gas Flow,”
SIAM Journal, Vol. 13, No. 1, 1965, pp. 278-311.

Golik,R. J., Lees, L., Vogenitz, F. W., and Webb, W. H., “A Mul-
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Proceedings of the Heat Transfer and Fluid Mechanics Institute,
Univ. of California, Los Angeles, June 1965.
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1965, pp. 2061-2074.
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Wakes,” Proceeding of the International Symposium of Fundamen-
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NY, 1966.
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