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SUMMARY 

The laminar boundary layer and the position of the transition point 
were investigated on a heated flat plate. It "ras found that the Reynolds 
number of transition decreases as the temperature of the plate is in
creased. It is shown from simple qualitative analytical considerations 
that the effect of variable viscosity in the boundary layer due to the 
temperature difference produces a velocity profile with an inflection 
point if the wall temperature is higher than the free-stream temperature. 
This profile is confirmed by measurements. Furthermore, it is ccnfirmed 
that even wi th 181.~ge deviation from the Blasius condi tj_on, the veloclty 
and temperature profiles are very nearly identical, as predictable theo
retically for a Prandtl number a of the order of 1.0 (for air, a = 0.76). 
The instability of inflection-point profiles is discussed. 

Studies of the flow in the wake of large, two-dimensional roughness 
elements are presented. It is shown that a boundary layer can separate 
and reattach itself to the wall without having transition take place. 

INTRODUCTION 

The problem of botmdary-layer transition has been for several years 
the subject of research projects sponsored by the National Advisory 
Committee for Aeronautics. One part of the problem, the question of the 
stability of laminar flow, can be considered solved. (The problem of 
laminar instability should not be confused with the problem of predicting 
transi tion. :b'or further details, see reference 1.) The experiments car
ried out at the National Bureau of Standards (reference 2) and at the 
California Institute of Technology (reference 3) agree very well with 
the results of Lin in a very complete theoretical analysis of laminar 
instability (reference 4), and there is no doubt that the laminar boundary 
layer first becomes unstable with respect to small perturbations at a 
certain critical Reynolds number R1 • 
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In the course of the expe:,'imontal investigations, the effects of ex
ternal turbulence, curvaturo, and pressure gradients on boundary-layer 
transition have been investigated. The present report treats -principal .. , 
ly investigations of two other factors, the effects of elevatod surface 
temperature and of rOl~hness elements upon the position of the transition 
~oint. The investigation of effects of chis kind is prompted partially 
by practical considerations. The effect of r:>ughness elements on tran
sition is a question of obvious importance in connection with laminar-flow 
airfoils, and the effect of an increased surface temperature on the posi
tion of the transition point 1s of importance in connection with the use 
of thermal de- ic i ng equipment on low-drag airfoils. 

In addition to these practical considerations, both problems are of 
interest for an understanding of the general mechanism of transition. 
From the investigation of lruninar lnstabUity (references2 to 4), it is 
clear that certain disturbances ,.,ill increase in any laminar boundary 
layer if the Reynolds number exceeds a cri t:~cal value R1 • The Reynolds 
number, R2 , at which transition actually begins can be defined in a way 
which makes it possible to link R2 to Rl (reference 1). A rough es
timate shows that, as is known from experimental evidence, R2 can be 
quite large compared with Rl. The dtfference between R2 and Rl 
depends upon the magnitude of the initial disturbances, for example, the 
external turbulence level, and upon the amount of amplification in the 
instability zone for this particular disturbance . For a given Reynolds 
number, the amount of amplification depends upon the shape of the mean
velocity profile. 

Small roughness elements intrcduce disturbances into the laminar 
layer and thus precipitate transition. For example, regularly spaced 
small roughnosselements can be used to introduce regtuar oscillations 
in the laminar boUnd.ary layer (reference 3). If the height of the ele
ments is small compared with the boundary-layer thickness, there is no 
change in the mean-velocity profile and, therefore, no change in the 
amplification zone. Most e8l.'lier "lOrk on the influence of roughness on 
transition was concerned with investigations of uniformly distributed 
small rougpness 'elements. (See, e.g., reference 5.) The measurements 
presented in the present report, however, are concerned with single, 
large, two-dimensional elemenys. The flow in the wake of a single 
roughness element is stUdied. 

It should be noted that the flow in the wake of a single large ro~h
ness element in the boundary layer bears some similarity to the flow which 
exists on the upper surface near the leading edge of an airfoil at an 
angle of attack. The boundary---layer flow from the stagnation point arouni 
the nose of the airfoil is essentially similar to flow along a surface 
with a large roughness element (fiG. 1). In fact, it is this effect -
namely, the separation of a boundary layer from the wall and possible 
subsequent reattachment to the wall - which was of primary interest in 
the roughness study. 

- - ------ ---------~ 
J 
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It is a well-known fact (e.g., reference 3) that a "free" lamina.r 
boundary layer becomes turbulent at a mnch lo,.,er Reynolds number than a 
normal It wall " boundary layer. Another important qU8stior., therefore, is 
whether the (laminar) separated layer becomes turbulent before ~eattach
ment to the wall or whether it is p08si"ble fo:c the layer to rematn laminar 
throue;h the period of reattachment. This investigation was prompted by 
some previous interesting results on similar rougI'Jl1ess elements (reference 
3) • 

The surface temperature affects the position of the t.ransitlon point 
in two distinctly different ways. One is essentially an effect of Crav
itational forces and due to the density differences In the boundary layer; 
the other effect 1s due to the dependence of the viscosity of the fluid 
upon its temperature, resulting in a change in the mean-velocity profile. 
The first effect has been discussed by Prandtl (reference 6) and Schlicht~ng 
(reference 7) and was experimentally investigated by Re:i.chardt (reference 
8). This effect is due to the fact that for a stable configurat~on in a 
gravity field the denSity gradient shculd be directed dowm.,ard (Le., 
the denser fluid should be below). Thus air flow above a horizontal 
heated :plate is destabilized, since the layers close to the plate have a 
higher temperature and a lower density. (A hot stream past a cold plate 
in the same configuration is stabilized.) The second effect was noted 
by Frick and McCullough (reference 9),who investigated the effects of 
internal heating, for the purpose of preventing form~ticn of ice, on the 
characteristics of low-drag airfoils. The viscosity of a gas increases 
with increasing temperature. In la.m:l.na!' flow, as is sho;m later from 
the equation of motion, an increase in the wall temperature causes a 
negative viscosity gradient outward from the heated surface, which 
causes the appearance of inflection points in the boundary-laye~ profiles. 
The instability of inflection~oint profiles is known (reference 4) to 
be larger than that of profiles with negative curvature throughout, and 
transition is thus hastened. This transition is the effect investigated. 
in the present set of measurements. 

This investigation, conducted at the California Institute of Technol
ogy, was sponsored by, and conducted with finar.cial assistance from, the 
National Advisory Committee fOl" Aeronautics. Dr. C. B. Millikan super
vised the r p.search, The authors wish to acknowledge tne ccntributicn of 
Mr. P. O. Johnson, who carried cut the measuremeats on tr.e roug~nes8 
problem and designed the heo.tedf.Jlate unit. Dis~U56ions ,.,ith Mess~s. J. 
Lat~er and S. Corrain were very helpful. 
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Sl'l.ffiOLS 

distance aloJ.1.B s1.1.l'face of plate from leading edge 

distance :p0rpendicu.lar from au:dace cf plate 

local m.ea..Tl. velccit;y in x- and y-d.irections, res:?ectively 

m38Il v eloc':' ty uf the free Ii! tream in th':1 x-direc ti on 

X-COlllpo .. 1ent of velocity fluctuations 

root mean square of the u--veloc.l ty fluctuat.ion level 

density 

a bsolute v iscosit;r 

d~rnam:i.c pressure of tho free stream 

static pressure 

kl nematic viscosity 

Bla sius' nondimensional parameter 

time 

Reynolds number using the uarrulleter x 

Reyn01ds number corresponding to lower lim:i. t of stability 

Reynolds numoer corresponding to beginning of transition 

distance along surface of plato- to beginning of transition 

tempera I~ure, degrees centigrade 

temperature difference between wire and ai~ degrees centi
grade 

temperature difference between a point in the boundary 
layer and the fl'ee stre"tIll, degrees centigrade 
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Subscripts 

w 

f 

u 

temperature difference between wall and free stream] 
degrees centigrFtde 

Prandtl number 

height of roughness element, inches 

diameter of two--d.imensional roughness element, inches 

rate of heat loss of hot wire to air 

hot-wire constants 

temperature coeffic~ent of resist811Ce of wire 

resistance of 'Tire when heated to temperature T 

resistance of wire at temperature of 00 C 

resistance of unheated wire at temperature Tf i n free 
stream 

resistance of unheated wire at temperatuTe Tu at any 
point in the heated boundary layer 

resistance of unheated wire at temperature Tw at the 
heated wall 

wall 

free stream 

point in the heated boundary layer 

APP.'illATUS AN]) METHODS 

Wind Tunnel and Plate Installation 

5 

The wind tunnel usee for this investigation was constructed at the 
C<llifornj.a Institute of Technology in 1938. it is of the Eiffel type vri th 
a . l6-to-l contraction ratio. The working section is 20 inches square 
and 12 feet long, and is p~ovided with adjustable side walls to facilitate 
obtaining a constant velocity along its entire length. The power unit is 
a 5-horsepower direct-current motor driving a two-blade wooden fan jO 
inches in diameter. A sketch of the tunnel is shown in fJgure 2(a). 
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A polished aluminum plate 1/4 inch thick and 19 j nches wide 'Yras used 
for this work. The plate was 6 feet long and the leading edge was beveled 
to a sharp edge. 

The plate was mounted vertically in tho center of the wind tluanel on 
built-up grooves as shown in figu~e 2(b). ~he upper surface of the tunnel 
is removable in pan.els; thus adjustment of the upper edge of the plate to 
obtain a -..rertical plate wa.s facilitated. Tho ouservation :panel is 1/4-
inch plate glass located on the upper tunnel surface, and is interchange·
able with any of the removable I)anels. The rough..'1.ess elements used. in 
this investigation were wooden talf-circular cylinders mounted on the 
plate RS shmm in figure 2(c). 

The heating elements for the heated-plate experiments were mounted 
on the back of the plate, placed between two thin sheets of asbestos, 
and further insulated with cork backing. This resulted in a test plate 
of It-inch thickness and thus necessitated adjustment of other physical 
factors in the tunnel to simu]a~/e flat-plate floyr. The method used to 
a ccomplish this is discussed later in the report. The plate wa s heated 
from the leading edge to x = 75 centimeters. Figu:ce 3 shm'/s the test 
plate mounted in the test section of the wind tmL~el. 

Description of Hot -Wire E~uipment 

The hot--wire teclUli~ue has been used extensively at the California 
Institute of Tecr~ology, and its use has beon continued in these investi
gations. All measurements of velocity fluctuations were made w'i th the 
hot-wire apparatus, and most of the velOCity pl'ofiles were obtained by 
this method. ( '\ h,Y'podermlc-neecile total-head. tube was used to verify the 
hot-wire results obtained when inv-estigating the velocity distribution of 
the boundary layer on a heated plate.) The determination of the tran-
si tion point was made by means of a. hot- wire anemometer and an os
cilloscope. 

~le ~<?t wire .. - The hot w'il'e used in these experiIr_ents 'Y1as constructed 
of copper leCi.d-in 'Hires, ceramic tubing, fine sewing needles, and the 
platinum "/ires 0.0005 and 0.00024 inch in diamoter for mean-speed and 
veloc i ty-i'luctuation measnrements, respecti vel;y . Two copper "lires ,.,ere 
thrus t through small holes in a 4--incll length of ceramic tubing for mean
speed measurements and measurements of the fluctuations parallel to the 
mean flow. Thece 'Y1ir08 were cemented into tee tubing at both cnds, and 
needles wore soldel'ed to them. The platinum hot wire was then soft
soldered across the tips of the sewine needles. (The silver cover of the 
0.00024-inch Wollaston wire "Tas removed by i mmersion in nitric ac id 'before 
the wire was soldered to the needles.) 
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The O.OOO5-inch wires used f or measuring mean speed were generally 
about 3 millimeters long. Velocity fluctuations parallel to the mean flow 
u' were measured with a single wire about 2 millimeters long. 

Mean-sneed m~asurement and eq~ipment~- For measuring mean speed, the 
constant-resistance method was employed. A description of this method ~ 
be found in reference 10. A slight variation of this method was necessary, 
however, when measuring the profile of the heated-plate boundary layer: 
namely, the wire was maintalned at a constant temperature rise above the 
local air stream. The measuring instruments consisted mainly of a Wheat
stone bridge for obtaining the resistance of the wire, and a potenti
ometer for measuring the current through the wire or the voltage drop 
across the wire. This mean-speed apparatus with the necessary switching 
deVices, together with the amplifier, was built into one large steel 
cabinet tv minimize electrical pickup. 

The amplifier.- A four--stage alternating-current amplifier as de
scribed ln earlier reports (references 1 and 3) was used to amplify the 
voltage fluctuations across the hot wires. The gain of the amplifier 
was constant within 2 percent between about 5 and 8000 cycles per second. 
A standard inductance-resistance compensation circuit was provided and 
uS8d in all turbulence measurements. 

Travers:l,.ng mechanism.- A complete investigation of the boundary layer 
and of transition requires a continuous traverse with the measuring in
strument along the plate in the direction of air flow and normal to the 
plate (in y-d.irection). The hot-uire carriage as sho"JIl in figure 4 is 
cons tructed of three aluminum legs and a gear train with micrometer 
attachment for transporting the hot wire in the y-d.irection. The car
riage is moved along the tunnel on a track by a 120-volt alternating
cUI'rent motor, and the movement in the y-d.irection is controlled by a 
6--volt direct-current motor. Switches outside the tunnel enable the 
operator to control the position of the hot wire in both directions, 
and substitution of a glass plate for the usual wooden top panel permits 
reading of the micrometer Giving y-position. 

Turbulence Level in the ~~el 

The turbulence level in the working secti on 1s reduced by a honey
comb and a screen in the forward part of the wind tu..."1Ilel. The honey
comb is at the intake of the tunnel and serves mainly to smooth the very 
irregular flow ente r ing the tUlli!ol . It is of spot- welded construction, 
having 1/2-inch cells with a depth of 4f: inches. The screen is located 
55 inches behind the honeycomb , and is a seamless precision screen with 
18 mesh per inch and a wire diameter of 0.018 inch. The freo-stream 

turbulence level in this tunnel is 0.0005j 
v~ w' 

== 0.0008. 
u u 
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Artificial' turbulence was introduced for one ~artic~lar phase of the 
investigation on the hS8,te(i pJato. Strip3 of notebook paper 1 by 6 inches 
were strung 6 inches apart on wires just upstre3ID of the screen. The 
tt~bulence level in the teet section was then Qetermined to be 0.17 per
cent. Figure 5 shows the method of mourtlng the parer strips; the honey
comb \~s rolled away for the picture. 

Heating the Plato 

The plate was heated by means of n.l.chrome resistance ",1r9s mOiLl1ted on 
the back of the f l at plata . The elements ,,~erc more cl:::lsely spaced near 
the leading edge since it 1ms evident that for a given wall tem:;;>erat re 
the r te of hea.t transfer to the bo mdary lFl.ve1' would be larger near the 
lead 1ug ed.l;se, ~Nhe!.·e the gre.dien ta 8.re lar(:Ser. The temperature of the 
plate was controlled by grouping the heating elements into four eepp..rate 
circuits and ineertlng an external VRr~able resistance in each circuit. 
Thus the temperature graCl.ient along the pl te was made nearly zero (see 
fig. 6) by vp ryir~the resistance when the ylate temperature. had reached 
equil:'..bl"ium with the air f"_owing. 

The temperature along the plate was determined by a copper-constantan 
thermocouple mounted in the traverso_ng mecha;:lism. Readings were taken 
at int€~vals of 5 centimeters along the plate. Voltages vere read with 
a Leeds end Northrup potentiometer, and the corresponding temperature 
obtained from 8. standard calibration chart . The cold. junction was 
maintained at room temperature. The accuracy of the apparatus was deter
mined t.o be in the neighborhood of ±1/2° C. A permanent thermocouple 
was installed at x = 45 centimeters for continuous observation of the 
plate temperatnre. All heated-plate mean-speed measurements were taken 
wi th a p la te temperature of 1150 C :t: 50 • 

Figure 6 :presents the temperature dietribution along the heated 
plate maintained in equilibrium with a free-stream velocity of 8.19 
meters per second. Two methods were used to bring the plate to the de
sired temperature. For the mean -apeed and merul-teml>erature measurements, 
for which it was destred to obtain equilibrjum as rapidly as possible, 
the ct~rent was appl ted to the teating circuits while the a.ir in the 
tunnel was still. After ap~roximately 25 minutes, when the plate ten
pera ture had reached 1200 C, the wind tlIDnel was turned on and the tem
parature of the plate was allm'Ted to reach equilibrium with a free
stream velocity of 8.19 meters per second. In the investigation of the 
effeot of heating the flat plate on the location of the transition, the 
tunnel was operated at the desired free-stream velocity and the variation 
in the position of early turbulent bursts was noted as the plate heated 
up to Hs equilibrium temperat1u'e. The temperature as a functjon of 
time for heating is shown in figure 7. 

-----~ .. 

" 
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Measurement of Pressure Distribution 

A small total-head tube made from a hypcdermic needle and a similar 
small static tube, mounted together, .Tere used in measuring the pressure 
distribution along the plate. The total --head tube was a number-20-gage 
h~-:podermic needle flatteCled to 0.0165 inch in the y-odjrection, and the 
static tube W8.S a 1/16-oinch-diameter brass tuba of standard design. 
They were mounted in the traversin~ mechanism just outside the boundary 
layer. The pressure along the plate was measured with an alcohol ma
nometer at this constant distance. Figure 8 shows the pressure dis
tribution for both roughness and slU'fe.ceo-temperature investigations. 

For the rouGhness--element tests it ,\·TaS necessary to adjust the side 
dp 

walls only slightly to obtain -- = 0, and thus to obtain a velocity 
d.x 

profile of the Blasius type. The addition of the equipment for heating 
the plate , ho.rever, resal ted in a plate thickness of It inches. This 
finite thickness necessitated tunnel adjustments to preserve Blasius l 

flat-plate floyT - that ls, to obtllin a nesligible pressure gradient and 
to put the stagnation point on tha "workingtr side of the plate. A trans
verse screen near the trailing edge of the plate, ioihlch increased the 
resistance to air flow on the working side of the plate, served to Golve 
the problem of pressure gradient. The pla.te supports were adjusted to 
give a slightly favorable angle of attack to the plate (approx. 1/20

), 

Then, oatisfactory BlasiUS flat-plate flow was cbtained as shown in the 
velocity distribution of figlITe 9. 

Determination of Transition Point 

The method used for determination of the beginning of transition 
was that described in reference 3. This method consists in visual 
observation of veloC"ity fluctuations measured by a hot-wire instrument 
and observed on the screen of a cathode-ray oscilloscopo. The first 
appearance of turbulent bursts - that is, occasional sudden changes 
from a laminar profile to a turbulent profile - is taken as the tran
sition criterion. 

Computation of Heated- Plate Velocity 

and Temperatuxe Profile 

For a hot-wire anemometer the relaMonship between heat loss and air
speed is given by the well-known King equaMon, 

H = (A + B .jU) e 
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ivhere 
and B 

e is the temJ:erature difference between wire and fluid, and 
are constants for a given fluid, 

In general, 

r - . ru 
o = 

and for steady state, H = i 2 r. Then there can 08 written, 

11. 
where Al = and B 9 = 

2 
-:"L!:._ = A I + B I #v/u 
r - ru 

B 

A 

Both A and B are funcMons of the 8.bsolute temperature of the air, 
because of appreciable variations in the thermal conductivity and density 
(reference 11). The mean-velocity calibration of the hot wire was car
ri ,~d out at room temperature and. then, in computing velocity profiles, 
the values were corrected to the temperature of the air at each measuring 
point. 

The temperature distribution was measured by using the hot wire as 
a resistance thermometer; that is, the "cold" resistances of the hot wire 
r u ' measured with negliDjble heating current, gives a direct measure of 
air temperature. 

Since 

and 

then 

= - -- -

In order to get a direct comparison betwoen the velocity and temperature 
distributions, the following equation is plotted: 
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1 - - = ----

MEASUREMENTS AND RESULTS 

Effect of Surface Temperature 

Mean-veloci~distribution.- The mean-apeed distributjon in the 
boundary layer of the heated flat plate was measured using both the hot
wire anemometer and the impact tube. During these measurements a pecul:l.ar 
difficulty was encountered: General analytical considerations, discusced 
in a further section of the report, show that the velocity profile near a 
heated flat plate should be an inflection-point profile. Also, this type 
of profile is indicated in the measlu'ements of Frick ana McCullough in 
reference 9. Indeed, the observed velocity profiles generally show this 
behavior, as is seen in figure 10. The tempera~nre distribution exhibits 
a behavior very similar to that of the velocity distribution (fig. 11), 
as is to be expected since the Prandtl number cr for air is close to 
unity (cr = 0.76). 

On some days, however, no consistent velocity profile could be 
obtained. In these cases both hot-"..-ire and impact-tube measurements 
showed a large scatter, and no reasonable profile could be measured. 
Figure 12 shows a typical set of these measurements. Much time has been 
spent in efforts to evaluate this effect quantitat.ively, without much 
success. QU.al:l.tati vely, the process appears to be as follo'ws: The 
heated plate was mounted vertically in order to avoid complications in 
the investigation due to the Prandtl instability, that is, the insta
bility (or stability) due to gravitational effects. The boundary laser 
of a heated plate mounted vertically is neutrally stable with respect 
to thls Prandtl instability. Gravitational effects will be present, 
however, so that the heated layers of air close to the surface will 
have a tendency to rise . This effect probably introduces secondary 
flow into the boundary layer, especially in ~ne case of a comparatively 
small tunnel like the one in which the present measurements were made. 
It is believed that this secondary flow causes the indefinite velocity 
profiles, such as that shown in figure 11. The reasons why these sec-
ondary currents occur only a part of the time are not understood. It 
may well depend upon accidental starting conditions similar to the case 
in the Pai measurements on rotating cylinders (reference 12). It is 
believed that the transition measurements taken at times when the mean
velOCity distribution was found no!~al are not essentially influ6nced 
by secondary motion. 

Transition point.- The transition pOint was determined as a functjon 
of the surface temperature for two values of the free-stream turbulence 
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level, u' 
and 0.17 :percent. The results are presented in fig-

Uo 
ure 13, 1.rhere the distance of the tl'aIlsi t~. on point f'rom the leading edge 
of the plate is plotted as a f1.IDction of the surface temperature. The 
effect is obviously quite pror.ou.nce6..; with inc:::'easing temperature the 
transition point moves closer to the leucli:lg edge of the plate. The 
same resul t s are replotted i n figures 14 and 15 in terms of Re;ynolds 
number of transition against. surface t empera ture. 

The kinematic viscosity varies with tempel."ature and thus varies 
across the bounctary laye~·. It is theref ore pussible to base the Reynolds 
number on at least two part:cul~' values of the kinematic viscosity: 
that at the ~vall Vw and tile value in the free stream vf. '1'11e ReynOlds 

number of the trflIlsi tion based on v f' and the Reynold.s number based on 
Vw are presented as functior..s of the tempe:i.'at1.u'e in fisures 14 and 15, 
respectively . The length uned in fOl~ing t~e Reynolds number is in both 
cases the distance from the leadillg edse. 

The value of R2 for zero temperature difference bet,reen the stream 
and the plate is very small , considering the low free-atream turbulence 
level existing in this tunnel. Th~s ~mall value of R2 is due to the 
transverse contamination effect d3scribed by Charters (reference 13): 
The largest possible length, measured from the leading edge, of a laminar 
boundary layer is limited by contamination from the top and the bottom. 
Bince the measurements had to be carried out at a. low velocity (8.19 m/sec) 
the maximtun possible Reynolds number is comparatively small . 

Effect of Roughness Elements 

The mean-speed distribution in the wake of the half-cylindrical 
rouGhness elements of 1/8- and 1/16-inch height have been measured with 
the hot-wire anemometer. The roughness elements were mounted on the 
flat plate at a dista~ce of 50 centimeters from the leading edge for 
the investigation of the effect in the laminar boundary layer, and at a 
dist&~ce of 140 centimeters from the leading edge for the investigation 
of the effect in the tl~bulent layer. Figures16 and 17 present the 
results of these measurements in the case where the element is placed 
in the laminar layer. T:TI-ee typical cases can be distinguished. At 
the lowest speed (fig. 16(a)) the flow 1 after passing over the roughness 
element, returnad to the surface and continued in the laminar state for 
some diAtance doYmstream. When the velocity was increased, the flow 
returned to the surface still laminar, but transition occurred almost 
iIDillediately after the layer reached the surface of the plate (fig. 16(b)). 
Hhen the velocity .Tas increased still further, the flow became turbulent 
in the free bound.ary layer in the wake of the ob s tacle (fig. 16 ( c)) and 
returned to the surface in the turbulent state. Figures 17(a) and i 'r (b) 
show similar effects behind the larger roughness element. 
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The elements were ,then pJaced in the turbu).ent boundary b,yer at a 
distance of 140 centimeters from the leading edge and the mean-velocity 
profiles again were measured dmffistream 01' the element. Figure 18 shows 
a typical result of these measu1:'ements . The velocity distribution in 
this figure is plotted against the logarithm of the distance from the 
wall. It is seen that the velocity profile returns rapidly to a "normal" 
turbulent profilo, which is represented, of course, by a straight line 
in the logarithmic plot . 

These experiments are not to be considered as a quantitative investi
gation. They are intended to show the types of physical phenomena connec
ted with boundary-luyer flow past ~oughness elements . A more complete 
investigation requires a larger tuul:el in which thicker boundary layers 
can be obtained wtthout introducing secondary floYl . 

DISCUSSION 

Mean-Velocity Profile near a Heated Walll 

The laminar-boundary-layer equation in the absence of a pressure 
g: • ."adient for two-dimensional flow past a .Tall of negligible curvature 
is 

dU dU d / dU\ 
plT - + p V - = :-- \J.l -) dX dY oy dy 

If the wall is approached, U and V approach zero, and thus 

~~ ~to =0 

Hence the curvature of the velocity profile at the wall becomes 

(d8U) = 
dy8 y=o 

If the surface is heated, the temperature will drop with increasing y . 
For a gas, 1.1 increases "ith temperature, and consequently 

dl.l 
-- < 0 
dY 

lMarch 1947: Mr. L. Lees has recently computed the comple'(;e tem
perature and velocity profiles. His results have not yet been published. 
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Since the velocity U increases with y, 

and thus 

dU 
--> 0 
dy 

(?~) > 0 
dy y=o 

if the surface temperature Tw is higher than the free---stream temperature 
Tf · 

At t.he edge of the boundary layer, U approaches the constant free
stream velocity Uo asymptotically, and hence 

< 0 d 2 Y 

at the edge of the layer. Consequently, 

= 0 

at some point within the boundary layer. 

The effect of surface temperature is similar to the effect of a 
pressure gradient. In the case of a pressure gradient, and zero tem
perattrre gradient, an analogous discussion gives 

and thus 

if P increases with x, that is! in the case of an "adverse" pressure 
gradient. Both of these effects are evidently independent of p. 
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Instability of Inflection-Point Profiles 

Tollmien (reference 14) obtained the theoretical result that inflec
tion-point profiles are always unstable. Based on this result, inflection
point profiles have been considered as distinguished sharply from normal 
profiles, that is, profiles with negative curyature throughout. Lints 
analysis (reference 4) shows that such a sharp distinction cannot be dra~. 
Lin shows that a difference in the stability character of normal and in
flection-point profiles becomes apparent only for very large Reynolds 
numbers. The range of wave lengths of unstable perturbations (see ref
erences 2 to 4) tends to zero if the Reynolds number approaches infjnity 
for the normal profile, but remains finite as the Reynolds number approaches 
infinity for the inflection-point profiles. This result is in fac~ not 
contradictory to Tollmien, since Tollmien 1s consideratiornare restricted 
to a nonviscous fluid, which simply means the Reynolds number approaches 
infinity, Lin's considerations do show, however, that the instability 
of a profile - that 1s, the critical Reynolds number, the extent of the 
range of unstable wave lengths, and so forth - depends on the magnitudes 
of the slope and of the curvature of the velocity profile near the wall. 
In fact, it shows that inflection-point profiles generally do have a 
lower critical Reynolds number and a larger zone of unstable wave 
lengths than normal profiles. Consequently, transition in the boundary 
layer of a gas flow is hastened by an increased surface temperature be
cause inflection-point profiles develop. It is interesting to note 
that surface temperature should have the opposite effect in a liqUid; 
there the viscosity decreases with increasing temperature, and con
sequently in the velocity profile of a liquid on a heated surface 

( c~ ') < 0 
":\ 2 ) 
oy y=o 

Laminar Separation and Transition 

It has been assumed in some earlier considerations of laminar bound
ary layers that transition sets in immeQiately at the point of separatjon. 
In fact, in attempts to compute and predict transition, it has often been 
assumed that it is sufficient to show that at some place in the laminar 
layer a separation profile, that is, a velocity profile which has a normal 
tangent at the wall, develops. 

The results of the surveys in the wake of the obstacles show that 
the existence of a separation profile does not necessarily lead. to 
transition. In figure 16, for example, the boundary layer is sep~ated 
from the solid boundary for a considerable distance downstream from the 
roughness element and still remains laminar, even after reattachment. 
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A second problem of laminor eep(lxation 8..'T'ld tre.n£d ticn 1.8 the follmr 
ing: IY1 th the aSSt1lD:l;ltion that the boundary layer b\3comes turbulent in 
the detached condition (as, for sy..ruaple, in fjgs. l6(c) and 17(c)), 
deterITline "the velocity profile that exists after the tu.rbulent free layer 
has reattached to the wall. The measl~eroonts (figs. l6(c) and l7(b)) 
shOl. that, in the inv8stlgatsd configurA.tion,. the velocity profile 
transforms very rapidly to a. ncrm....9.1 tl~bulent-bounda.ry-layer profile, 
that is, the logaritbJ:ilic-type profile. The same rapid transformation 
to a logari thIn-tc profile alao occurs if the elp-ment is placed in the 
turblllent layer (fig. 18). 

It shollld be very intsreating to inYegtigate whether a turblllent 
separated profile alwa.ys changes to ':1. loga-::-thmic },)rofile 8S rapidly as 
in these measureoents of flow paet a flat plate. For example, the in
fluence of an adverse pressure gradient B.nd. of curvature of the solid 
bonndary appee.l4 s to be of interest in conneotion \-.. ith the problem of 
laminar separation and subseqUent reattachment of the boundEl.ry layer 
near the leading edge of airfoils. Problems of this kind are thought to 
be quite important in connection uith the design of sharp-nose airfoils 
for high-speed flow. 

CONCLUDING REMARY.S 

An increased temperature of the wall hastens boundary-layer tran
sition. This result confirms earlier measurements of Frick and McCullough. 
In investigating the i~luence of surface temperature on transition, two 
effects must be distinguished: an effect due to gravitational forces 
and an effect due to the dependence of the viscosity of a ges on the 
temperature. 'rhe second effect is the one investigated here and also by 
Frick and ~1cCullough. The dependence of the viscosity on t1:e temperature, 
if the fluid is a gas, leads to velocity profiles with positive curvature 
at the wall and therefore greater instability for a heated wall than an 
unheated one. 

Furthermore, it is confirmed that, even with large deviation from 
the Blasius condition, the velocity and temperature profiles are very 
nearly identical, as predictable theoretically for a Prandtl number a 
of the order of 1.0 (for air, a = 0 . 76). 

Studies of air flow in the wake of large two-dimensional roughness 
elements shmi' that a laminar boundary layer can separate from the wall 
and reattach itself without transition taking place. If transition 
takes place in the detached layer, the velocity profile in the reattached 
boundary layer >Till approach tho normal turblllent-boundary-layer profile 
very rapidly. 

California Institute of Technology, 
Pasadena, Calif., August 28, 1946. 
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