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EXPERIMENTAL INVESTIGATION OF THE EFFECT OF
BOUNDARY-TAYER TRANSITION ON THE AVERAGE HEAT TRANSFER
TO A YAWED CYLINDER IN SUPERSONIC FIOW

By Ivan E. Beckwlth and James J. Gallesgher
SUMMARY

The average heat-trensfer to the forward half of a circular cylinder
was measured in a blowdown jet at a stream Mach number of 4.15. The test
Reynolds number based on the dismeter of the cylinder was varled from

5 X 102 to 135 X 102 and the yvaw angle weas veried from 0° to 60°. Most
of the tests were made at a wall-to-stegnation temperature ratio of
gbout 0.8.

The test results showed that, as the yaw angle was increased fram 0°
to 350, the average heat-transfer coefficient increased by 50 percent at

& Reynolds number of 5 X 107, and at a Reynolds number of 13 X 10° the
heat-transfer coefficlent increased by 100 percent. Comparilson of the
measured. heat-transfer coefficients with theoreticel predictions and with
other experimental results indicated that these large Increases in hesat
transfer, with increasing yaw angle and fixed Reynolds number, were caused
by transition from laminar. to turbulent boundery lgyer. Thils transition
egpparently occurred primarily as a result of a dynamilic type of Ilnstebility
which 1s associated with the secondary flow In the boundery layer on the
yawed cylinder.

Further increase of the yaw angle from 35° to 60° resulted in a
reduction In the average heat-transfer coefficlents of about 35 percent
from the peak values. Most of this reduction epparently corresponds to
the decrease in heat transfer with increasing yaw angle that could be
expected to occur on a cylinder with a campletely developed FTurbulent
boundary layer.
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INTRODUCTION

The use of sherp leading edges on wings and taill surfaces 1s unde-
sireble at flight speeds for which aserodynamic heating becomes a serious
problem because of the high local heat-transfer coefficients and smell
heat cepacity of the sharp edge. Both of these difficulties can be
alleviated by using a blunt leeding edge. Blunting the leading edge,
however, has the dlsadventage of increesing the drag. The increaged drag
of the blunted section can be reduced by increasing the ‘sweepback angle
of the wing. TFor these.reasons, dete are needed on the effects of sweep-
back on the heat transfer to blunt leading edges.

A yewed cylinder of high aspect ratic convenlently simulates the
leeding edge of & sweptback wing and slso allows & simpllified treatment
of the theoretical problem. Thus, for incampressible flow with a Prandtl
number of 1, inspection of the lemlnar-boundery-leyer equations for the
infinite yawed cylinder (refs 1 and 2) shows that the velocity distri-
bution in planes normal to the cylinder axis and the heat transfer
depend only on the flow component normel to the cylinder. Solutions for
this case (refs. 3 and 4) then show that the local Nusselt number, based
on cylinder chord measured normal to the leading edge, i1s proportional
to the square root of a Reynolds number based on the chordwise component
of the stream veloclty and the normel chord. That 1s to sey, for fixed
gstream condltions and fixed normal chord, the heat-transfer coefflclent
is proportional to the squaere root of the cosine of the yaw angle. Appli-
cation of these results to a wing of fixed cross-sectional shape, plan=~
form eree, and normal chord indlcates that, for glven stream conditions
end wall temperature, the total quantity of heat transferred to the wing
ig also proportional to the square root of the cosine of the sweepback

angle. _

The results of theoretical and experimental investigations made &t
supersonlc speeds (refs. 5 to 8) show thet, for laminar boundery layers,
gomewhat larger reductions in heat transfer can be cbtalned by yeawing the
cylinder then would be expected for the corresponding incampressible-flow
case. Thils is largely because of the effect of the detached bow wave on
the local flow conditions near the cylinder. Apparently, then, as long
as the boundary leyer remains laminar, some reduction in total heat trens-
fer to a wing snd its leading edge 18 to be expected by Increasing the
sweepback angle. It could also be expected that, as the flight Reynolds
number is increased, transition from leminar to turbulent flow will
eventually occur and cause the assoclated large increeses in heat-transfer
rates.

A relsted phenamenon, which is probably not so generally appreclated,
ig the effect of the sweepback or yaw ltself on transitiomn. Recent inves-
tigations (refs. 9 to 13 and papers of limited aveilability by the British
investigators P. R. Owen and D. S. Rsﬂgﬁhhi have shown that sweepback or
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vaw hag large adverse effects on transition on a wing or cylinder. Owen
and Rendall have shown that these effects are caused by a dynamilc type
of instabllity which arises as a result of the secondary or three-
dimensional flow that occurs wlthin the boundery leyer on a sweptback
wing or cylinder. They also deflined and, fram experimental data, evalu-
ated a stabllity parameter which has been successfully applied to the
calculation of a lower limit of Reynolds number and yaw angle at which
this instability first appears for Incoampressible flow. The results of
reference 12 indicste that this instabllity may eppear at a much lower
Reynolds number on & wing in supersonic flow than predicted by the
Owen-Randall parameter for incampressible flow.

The purpose of the present report 1s to present data showing the
effect of yaw on the heat transfer to cylinders over e higher Reymolds
number range than that of previous deata. The Reynolds number range of
the present tests, based on free-stream conditions and cylinder diameter,

is fram 5 X 1.05 to 13 X 105. This corresponds to flight conditions at
eltitudes of 45,000 to 62,000 feet at a Mach number of 4 with a wing
leading-edge redius of 1 inch. The data are compared with correlation
perameters for laminer and turbulent heat transfer and also with laminer-
hegt~transfer data from previous investligations. Estimated values of the
transitional Reynolds numbers from the present lnvestlgation are compared
with values predicted by the Owen-Randall stebillity peremeter evalusated
from the data of reference 9.

SYMBOILS
A cross=sectional area- of model
c constant in equation (1k4)
C1,Cs constants in equation (10)
Cp "normal" pressure coefficient
c specific heat of model material
cp specific heat of air
D diameter of model
h heat~transfer coefficlent
k thermal conductivity of air
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thermal conductlvity of model material
reference conductivity and viscosity evalusted at T'

length from leading edge or stagnation polnt along an external
gtreamline

spanwise length of model
Mech number

normal camponent of Mach number shesd of cylinder

local chordwlse component of Mach number

Mugsgelt number
periphery of model exposed to streeam
pressure _

convective heat-transfer rate per unlt area at the surface

Reynolds number
recovery factor
temperature, °R

equilibrium temperature, °R

reference temperature, %(TS + I&)

time
resultant veloclty shead of cylinder .

normal component of velocity ashesd of cylinder

local chordwise velocity
local resultant velocity

local veloclty component normal to external streamline

<aNgiiaiaiy e )
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X distance fram stagnetion point along the surface of the
cylinder in e plene normal to the leading edge

v distance measured along spen of model
z boundary-leyer coordinate normal to surface
¥ ratio of specific heats
A boundary-layer momentum thickness
5 boundary-layer thickness
B8 angular distance around cylinder measured from sgtagnation line
o 1 52
A Pohlhausen boundary-layer paremeter, dx
L dynamic viscosity of air
o] mass density of air
t 1 Tg
e reference density, §<i + E%>ps
o] Prandtl number
T shear stress
X stability parameter
¥ engle of yaw (acute angle between the spanwise axis of
the model and the plane perpendicular to the free-stream
flow direction)
w gpecific welght of model material
Subscripts:
D based on D
L based on L

.
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1 local value externel to boundary layer

o) at stagnation line of cylinder }

8 Just behind bow shock

T at transition _ — e

t stagnation value as determined by lsentroplc deceleration of
flow external to boundary leyer

W et well on surface of model B

max maximim

A based on A - -

0 in free stream sheead of bow shock

Superscript:

—

! evaluated at reference quentitles T' eand p'

A bar over a symbol denotes the average value oVer the forward half
of the cylinder unless otherwise noted.

APPARATUS -

Description of Tunnel - -

The investilgatlon was made in & blowdown Jet in the Gas Dynamics
Branch at the Langley Leboratory. The test section is 12 inches wide
and 13 inches high. The complete system consists of & high-pressure
settling chamber, a convergent-divergent nozzle, a pressure-tight chember
containing the model support system, and a fixed diffuser. The stagnetion
tempersture and pressure are controlled sutomaticelly at a remote station.

The alr supply is obtalned from tanks where the alr 1s stored at a
maximum pressure of 5,000 pounds per sqguare inch. The alr is reduced in
pressure by two successive regulating statlons to the desired stegnation
pressure, which was between 200 and 500 pounds per square ilnch for this
investigation. The specific humldity of the alr was less than 1 part
of water per million parts of air by welght. The air 1s heated by a
cambination of a Dowtherm heat exchanger esnd electric heaters The maxi-
mum stegnation temperature which cen be attained is l,OMO F; however,
for this investigatlon the highest temperature was limlted to about
4L00° F end the meximum variatiﬁg Of yihe stegnation tempereture with time

RES
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wes limited to 1° F per minube. The meximum running time availsble for
this particular blowdown Jet is fram 20 to 40 minutes, depending on
stagnatlion conditions.

Mach number distributions, as obtained from total-pressure surveys
made in a horizontal plene 1/4 inch above the nozzle center line, are
presented in figure 1. This figure shows & slight variastion in Mach
number in the test region; however, no large disturbances appesr. The
average Mach number is 4.15 with a maximm veriation of #0.03 over most
of the test region.

Models

The heat-transfer model was a 24-inch-long cylinder made of electro-
lytic pure copper. The cross-sectional shape of the cylinder was a seml-
circle of 1/2-inch diameter. The model was supported in the test section
by a steel bar with the leading edge grooved out to reduce heat conduction
between the model snd its support bar. A sketch of the model and 1ts
support is shown in figure 2(b). The model was fastened to and alined
with the support by means of small screws and pins. The space between the
model and the edges of the support was sealed with a polysulfide rubber.

The model was covered and water-cooled by mesns of a shield (fig. 2)
during the transient starting conditicons. The shleld covered the model
until equilibrium conditions were established in the test sectlion, and
then it was repidly retracted by a ceble attached to a pneumatic cylinder.
The removal time was less than 0.0l second.

The model was provided with end plates (fig. 2) in order to minimize
serodynamic end effects. The upstreem end plete was attached to.the model
and the downstresm end plate was attached to the shleld. The clearance
between the model and the shield in the retracted positicn was £illed by
a contoured block attached to the model. This provided a smooth end plate
during the time thet temperature data were recorded. Slots were cut into
the model near each end plate and filled with en insulating material to
minimize heat conduction at the ends of the model. The end plates were

perallel to the tunnel sldewalls and l% inches fram them for all the yaw

angles tested. The aspect ratio of the model (between the end pletes)
thus veried with the yaw angle according to the relstion

1_ 18
D cos ¥

The temperature of the model was measured by copper constantan
thermocouples which were sgilver-soldered to the rear of the model as

PNy
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shown in figure 2(b). The thermocouples were spaced 1 inch apart along
the span of the model. Eleven thermocouples were used so that longitu-
dinal heat conduction and aerodynemic end effects (if any) could be
evaluated. The model was loceted in the blowdown jet so that the center
thermocouple was at station O in the nozzle (see fig. 1) for all yaw

engles except 0°, for which the model was h% inches ferther down the

tunnel.

Two pressure=dlstribution models were used to obtain data at 0°
and 459 yaw. These models were complete circular cylinders and had end
plates similar to those of the hest-transfer model. The aspect ratios
between the end plates were L4 and 14, respectively. Pressure orifices
were installed et intervals of 5° over the first LO° and thereafter at
intervals of 10° and 15°.

Instrumentation -

The tempersture time higtory of the model was obtained from a
36-chennel recording osclllogreph having elements with a sensltivity
of 12.8 microamperes per inch of deflection. The elements were so posi-

tioned that l% Inches of deflectlon was obtained. This corresponded to

a rise of 250° F gbove cold junction temperature. The galvancmeter
elements were individually cellibrated before each run, glving an accuracy
in ebsolute temperature of 1° F. However, on the temperature-time
records for any one channel, the relative temperatures were accurate to
within 1/4° F

The stegnation temperature was obtained from a self-belancing
recording potentiometer. Measurements were made with three thermocouples
installed in the settling chamber. The stagnetion temperature i1is accu-
rate to within £2° F. Stagnation pressure was measured on a Bourdon gege
accurate to %2 pounds per square inch. The stagnation temperature and
pressure were also recorded on the oscillograph to cecordinate them with
the temperature time higtory of the model. ~

TEST PROCEDURE AND DATA REDUCTION
Heat-Transfer and Recovery-Temperature Tests
The piping system, tunnel, and nozzle were preheated at subsonic
flow rates, for a period of sbout 2 hours prior to each test, until the

inside wall temperatures of the nozzle were up to about 95 percent of
gbsolute stagnation temperature. Immedlately after the desired preheat

CONPPEEr TN
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temperature was attained, the supersonic run wes started. When the tun-
nel stagnation conditions reached steady values (after 15 to 20 seconds )
the model shield was retracted and the cooling water was simulteneously
cut off. The osclllograph records showed that the film of weter left on
the model after retraction of the shield was eveporated in less than

0.1 second. The end of this time intervel was tsken as 'time zero" for
the model temperature time history. ©Sufficiently large weter flow rates
were used so as to insure a uniform temperasture distribution along the
model span at time zero. A typicel time history of the model temperatures
is ghown in figure 3.

Recovery temperatures were obtained directly fram test data by con-
tinuing the run until the recorded model temperatures reached a constant
value. Thie required from 2 to 3 minutes running time, depending on the
stagnatlon conditions.

Data Reduction

The equation for the average heat-transfer rate per unit surface
area to a slender cylinder is

(1)

— = = wch
)

_ b 3°
a, h(TW-T = -t

Sy

¥
ol

The temperature derivatives normal to the cylinder axis have been neg-
lected so thet T would be same effective mean temperature at any cross
section. For this investigetlion, however, the heabt-trensfer coefficient
was evaluated simply by using the meagured temperatures for both T

and T, in equation (1). 8ince the thermocouples were located on the
back of the model, lower indicated heat-transfer coefficlents for small
times would be obtalned than if the actusl mean temperstures and wall
temperatures had been measured. By using avallsble solutions for unsteady
heat transfer to cylinders with a uniform heat-transfer coefficlent at the
surface (ref. 14), the error in heat-transfer coefficients due to thermo-
couple location was estimated to be between 1 to 2 percent for all heating
rates encountered in the present investigatlon, even at the small times

gt which the data were reduced. For the helf-cylinder model used in this

investigation, % = B. The values for the thermal properties of copper
were taken from reference 15, p. 268.

The last term on the right in equation (1) represents the net heat
transfer due to spanwise heat conduction. Since this depends on the
second derivative of an experimental quantity, 1t iz difficult to evalu-
ate accurately. Consequently, heat-transfer rates were calculated fram
the data at smell times only, when spanwlse tempersture varistions were

* SR,
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small and the temperature varistlion with time was large. All heat-
transfer date presented ere for times of less than 4 seconds from time
zero. For this time Interval, the largest value of the conductlion term
for any run wes found to be only 3 percent of the total heat input, so
that, in genersal, the conduction was neglected. Estimates showed that
the quantity of heat contributed by redistlon was also negligible cam-
pared with the storage term. The tlme-temperature slopes were read
directly from plots such as shown in figure 3(b).

The meen equilibrium temperature T, was taken as the arithmetic
averege of the measured temperatures for the cohdition;of %g = 0. This

occurred after 2 to 3 minutes from time zero, depending on the stagnation
conditions. Radlatlon wes agaln found to be negligible since the tunnel
wall temperatures were cloge to model equilibrium temperatures because

of the preheating procedure. =

THEORETICAL CORRETLATION EQUATIONS

Leminar Boundary Layer ) .

Approximate correlatlon equations for the heat transfer to yawed
cylinders can be derived in a general form by the method of reference 8.
The method 1s applied here to the forward half of a cilrcular cylinder.

The average heat-transfer coefficlent can be written as

5B
ho Ty = Te, .

—
Ty - TeO
tion (46) of reference 8 results in a general relation for the aversge
Nusselt number, ’

The substitution of the expression for cbtained from equa~-

P
PedJecD cos 1]{;(.@_ _li> _19. _w__ - 0.4 (2)
x=0

Ps <TW )0-3
1o
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The ratio E/ho for the forwsrd half of a circular cylinder has been

RIL
evaluated by the method of reference 8 for My = 4.1 with E;E = 0.
The local flow distributions needed for these calculatlons were obtained
from the measured pressure distributions shown in figure L4 and from the
agsumptions that the flow outside the boundary layer 1s isentropic and
independent of the spanwise flow. The local equilibrium temperature

was taken as

T
e _ Lo Ty
FIE = {E+ (l - v—d:) ﬁ-m (5)

where

T y - l,2 .2
1, _ 1+ 5 Mo cos™y

Ty

(%)

l+——7;lM°°2

The results of these calculations are shown in figure 5 where the ratio
/by 1is plotted against ¢ for different velues of T /Ty. The corre-
sponding theoretical results fram reference 8 for My = 6.9 and the
experimental values fraom reference 6 for M, = 3.9 are also shown in
this figure for camparison. According to the method of reference 8 and
the data of reference 6, the value of h/ho on a clrcular cylinder is
practically independent of Tw/Tt: My, end V¥, as indicated in figure 5.

The mean equilibrium temperature E%

tion (54) of reference 8 after noting that

/b
%f 1 g% ~ 0.81 (5)
o T
1

can be eveluated from equa-

to an accuracy of 2 percent over a large renge of M,. The reason for
this 1s that the value of Ml at any given value of X does not vary

much with M, or V. (See ref. 8.) Thus, to the degree of approximation
in the theory,
i T

Te 1o
ol e 0.81(1 - 5) o (6)

R
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Then from equetlions (2) and (6) end from figure 5, the heat transfer to
the front half of a circular cylinder can be easily calculated for =a
large range of stream Mach numbers, yaw angles, and temperatures.

Turbulent Boundaery Leyer

Detalled calculatlions for the local heat transfer to cylinders with
turbulent boundary layers are possible by various approximate methods.
(See, for example, refs. 16 and 17.) These methods involve the use of
the integral momentum end energy equations together with samewhat,
arbitrery assumptions for the veloclty and temperature proflles, skin-
frictlon coefficients, and Reynolds anelogy. The assumptions are usually
concerned wilth the extenslon of low-speed results on the flet plate to
higher speeds and/or arbitrary pressure gradlents. In some cases, how-
ever, the skin frictlon and hest transfer may be evaludted from estab-
lished equations for low-speed flow without the necessity of extensive
calculations. Thus, for example, the expression for the skin frictilon
on a flat plete in incompressible flow may be extended to supersonic
flow with heat transfer by eveluating the gas propertles at some refer-
ence tempersture T' (ref. 18). The heat-transfer coefficient mey then
be evaluated directly from Reynolds anelogy. — :

The Reynolds analogy cannot, of course, be used for the calculation
of local heat-transfer coefficients on a cylinder with a blunt leading
edge since the local chordwlse shear stress is zero at the stegnation
point. Also, the boundary leyer would, presumably, alweys be leminar
for at least some small distence downstream of the stagnation point.
However, 1f the average hest-transfer coefficlent is desired, &8 in the
present tests, some form of Reynclds analogy can be uséd, and 1t should
be possible to derive simple correlating equetions.

The expression for the aversge skin frictlon over the chordwise
distence x on a cylinder in incompressible flow 1s assumed to be of
the form ’ ’

Fw Cl
= (1)
2
oU, <pU x )l/ 7
K

where C; 1s a constant. For a flat plate, Cy =~ 0.015 (ref. 19). The

Reynolds anelogy in terms of the average heat-transfer coefficlent and
average shear stress 1s assumed to be of the form

h T,
= O —¥_ (8)
2
onocp ono2
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For a flat plate and Prandtl number of 0.70, Cp = 1.2 (ref. 20). Com-

bining equations (7) and (8) then glves an expression for the average
KNugselt number, which is

PUX
= ClCEU< m

hx
K

)6/7 (9)

This result may be extended to campressible flow by evaluating all
gas properties at some reference temperasture T', which is defined here

as simply

T =

(Ts + Ew)

-

The reference density p' 1s also teken as the average value

1

p =

M-

(s * )

which can be simplified to

1 D, T T
.p_=%l+._l__s %%<l+:§
Ps Ps T, Ty,

by noting that P._ = p, and that p, = p_  over the forwerd section of
W 1 1 8

a cylinder. The reference velocity U, in equation (9) would properly
be gome veloclty behind the bow wave in supersonic flow. Then, sssuming
that to the first order of epproximation the heat transfer is independent
of the spanwise flow, the reference velocity U, would have to be the

normal veloclty camponent behind the shock UNB' Equation (9) then

6
o iy x /T

or, with £ = % on the forward half of a circuler cylinder, the final

becames

el

D
result would be written as
6
_ 10y D /7
o C4Co0 — (10)
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Hilpert (ref. 15, p. 142) has used an equation of this form for the
average heat transfer to tubes in a cross flow.

The average recovery temperature Ee for a turbulent boundary lsyer
mey be calculated by assuming that the local recovery factor r 1s given
by the expression

1/3 _Te - Ty

Then, for the half-cylinder,
T t/k T
Te _ Ef € ax = o1/3 4 o.81<1 - crl/5)—9- (11)
T o Tt - Lt

by analogy with equation (6).

RESULTS AND DISCUSSION

Pressure Distributions

The results of the pressure-distribution tests are glven in figure 4,
vhere the "normel" pressure coefficient defined as

" i)

is plotted against 6. Data were obtained at M, = 1.98 for ¢ = O°

end at M, =L4.08 for v =0° and V¥ = 44.7°. The data at M, = 4.08
were obtalned in the same nozzle described Iin the sectlon entitled
"Apparstus' but at & time when the throsat spacing of the nozzle was
slightly different than that used in the hest-transfer tests for which

the average stream Mach number M, was 4.15 (see fig. 1). The M, = 1.98
date were obtalned In one of the other blowdown Jets in the Lengley Gas
Dynamics Branch. Figure 4 shows that the normal pressure coefficient
increases with increasing normal Mach number (MNQ = M, cos W) over the

entire surface of the cylinder.

The deshed lines in figure 4 were camputed from a modified
Newtonian equation for the pressure coefficient (ref. 21),

CP = CPO cos®8
Fo -y
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where

= 2 1 -
o T 20 )

with Plo/pm taken as the theoretleal pressure retio across a normal

shock at the Mach number My . Since the data are In good agreement with
[>o]

the Newtonian equation, this equation is used (as in ref. 8) for calcu-

ax Uy

u
lating the velocity gradlent at the stegnation line (i L which
s/x=0

dx UNs

shown in reference 8 were derived fram the same data shown in figure k.

u
1s required in equation (2). The experimental values of C%:——;>
x=0

Heat Transfer and Recovery Temperatures

The meagsured heat-transfer coefficients are presented in figure 6
in the form of a "wall" Nusselt muber plotted egeinst a Reynolds mumber.
Fach experimental polnt shown represents an average teken over the time
interval fram 1/2 second to L4 seconds from time zero for 3 or 4 repre-
sentative stetions along the span of the model. The values for the
thermal conductivity end viscosity of air were teken fram references 15
and 22, respectlvely. The wall temperatures for all the data were within
the range of 90° F to 120° F so that most of the variation in Ty/Ty wes

obtained by chenging Ti. The stresm Reynolds number p, U D/k,, was

varied from 5 X'lO5 to 13 X 105, corresponding to a maximum veriation in

the wall Reynolds number p&UmD/uW of 1.8 X 10° to 4kt X 10°. Data were
obteined et the yaw angles of 0°, 21.0°, 39.7°, 49.3°, and 58.5°. The
theoretical varietion of hD/k, with PoUeD/ty, for leminer heat trans-

fer according to equation (2) (with h/h, = 0.67) is also plotted in
figure 6 for these same yaw sngles.

Comparison of the data with thls theory shows thet at zero yaw angle
the experimental Nusselt numbers are in good egreement with the theoret-
ical values, whlle at all other yew engles the experimental results are
considerably higher than the theory and the differences between theory
and experiment increase as the yaw angle and Reynolds number are increased.
At zero yaw the effect of Tw/Tt on ED/kW, as predicted by equation 2

is in good sgreement with the data except sbove a Reynolds number of
3 X lO5 where the data are 5 percent to 8 percent higher than the theory.
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The experimental recovery temperatures are shown In figure T as the
ratlio of the meagsured equllibrium temperature to the stagnation tempera-
ture plotted ageinst yew angle. Fach point 1s the average of several
temperatures messured along the model when the indiceted veriation of
temperature with time was negligible. At zero yaw the data are in close
agreement with the value predicted by eguation (6) for a laminar boundary
layer. As the yaw angle ig increaged, the date tend to epproach the line
fram equation (11) for a turbulent boundary lsyer. While no definite
conclusions can be obtalned from figure 7 because of the limited accuracy
of the data end theory, the trends suggest the possibility that the
increase in heat-transfer cocefficients with increasing yaw angles as
shown in figure 6 is caused by transition to turbulent flow.

In order to explore thls possibility, all the dets are plotted in
figure 8 in terms of the turbulent correlation parsmeters Nu' and R’
as defined in equation (10). Leminer heat-transfer dets from references 5
and 6, converted to these parsmeters, are slso included in this filgure.
These two sets of data (excluding date from reference 5 at the higher vew
angles where end effects mey be present), together with the theoretical
values for leminer heat trensfer as computed from equation (2), correlate
with the data from the present tests for zero yaw. This indicates that
the heat-transfer data of the present tests et zero yaw are laminar.
Then, since the data st 21° yaw show the usual trend of transitional
heat-transfer data, the increases in heat transfer with yaw angle in fig-
ure 6 are apparently caused by transition to turbulent flow and a forward
movement of the transition reglon toward the stegnation line. Also, since
the date at yaw angles from 39.7° to 58.5° correlate on one line with the
slope given by equation (10), the transition has spparently resched its
meximum forward position at ebout 40° yaw. That 18, In effect, a com-
pletely developed turbulent boundary layer occurred on the cylinder for
40° to 60° yaw. Note that the product CyCy0 = 0.024, as obtained from

the experimental results for V greater than L0O°, is about 90 percent
higher than the flat-plate velue of 0.013. _ i
Comparison of the present dste with Hilpert's data (cited in ref. 15,
p. 142), which is for the average heat transfer to a whole cylinder at
zero yaw angle 1n subsonic flow, shows that at correspornding values of R!'
his data are between the laminar end turbulent values shown in figure 8.
This can apparently be explalned on the basis of the varistion in local
heat~transfer coefficient around a cylinder in subsonic flow as measured
by Schmidt and Wemner (cited in ref. 15, p. 141). Examination of thelr
data shows thet, for subcritical Reynolds numbers, the contribution to
the totsl heat transfer from the back of the cylinder is gbout the same
as the comtribution fram the front. Hence, for subcriticsal Reynolds num-
bers, the average heat-transfer coefficient for the whole cylinder would
be sbout the seme as the average on the front. As the Reynolds number is
increased, the heat contributed from the back increases rapidly in propor-
tlon to the contribution from the front since the heat transfer on the

QRMNEIDENTIALR
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front is spperently still laminer. Thus, for supercritical Reymolds
numbers, the average heat trensfer for the whole cylinder is greater
than the average on the front. Consequently, for supercritical Reynolds
numbers, the values of Nu' from Hilpert's data might be expected to
fall between the laminar and turbulent values obtained in the present
tests. ’

The relative magnitude of the increases in heat transfer with yaw
angle for the present date is shown in figure 9, where the ratlo of the
average heat-transfer coefficient for the yewed cylinder to the value
at zero yaw is plotted sgalnst yaw angle. Thils ratioc E/EW=O was

obtained by cross-plotting the date in figure 6 at the wall Reynolds
numbers p@Umq/uw of 1.8 X 107 and 4 X 10°, which correspond to the

stream Reynolds numbers listed in figure 9. Data from references 5
and 6 at lower Reynolds mumbers are included for comperison. The results
of the present tests show that, at stresm Reynolds numbers of about

15 X 105, the hest-transfer coefficlent at 30° vaw 1s about twice the
value at 0° yaw. As previously indicated by figure 8, this large increase
in heat transfer is evidently caused by treansition to turbulent flow fol-
lowed by a forward movement of transitlion toward the stagnation line as
the yaw angle is increased. Since the boundary layer is leminar at zero
vew, this forward movement of transition with yaw 1s obviously caused by
some factor or cambination of factors which change with yaw angle, such
as a length Reynolds number or the three-dimensicnel nature of the flow
(that 1s, the secondary flow) which occurs within the boundary layer as
the cylinder is yawed. This latter effect has been previously observed
and studied in detail on sweptback wings and rotating disks in refer-
ences 12 end 13 and in investigations by Owen and Randall reported in
papers of limited asvallability.

The heat transfer decreases by gbout 35 percent from the peak value
for an increase in yaw asngle from 35° to 60°, as shown in figure 9. This
decrease spparently corresponds to the decrease in heat transfer with
increasing yaw angle thet would occur on a cylinder with a completely
developed turbulent boundary lsyer, as indicated by the previous discus-
sion concerning figure 8.

Effect of Yaw on Transition

Length Reynolds number.- In general there are perhaps two Types of
length Reynolds numbers whilich may charaecterize transition for a glven set
of circumstances. One of these length Reynolds numbers is based on the
length from the leading edge measured slong a streamline and the local
stream velocity. In the case of a yawed flat plate this "streamrise"

‘Reynolds number can be expected to have scme significance. (See ref. 10.)

===
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As an example, the transitlion data on a yawed flat plate (fig. 15 of
ref. 11) is compared with predictions based on this type of Reynolds
nunber, which nmay be defined as

_ pVL
lL - Ul

where p,, V;, and p, ere taken as the local "effective' values out-

side the boundary leyer. These local effective values mey be celculated
by assuming (se in ref. 23) that the flow near the surface, but cutside
the boundery lasyer, has gone through a normal shock (here computed for
the component of the stream Mach number normal to the leeding edge)
corresponding to the shock from the leadling edge and then reexpanded
until the local statlic pressure on the plate is equal to the original
stream static pressure. Thus, assuming that the value of RlL for

transition 1s constant and equal to the value for zero yaw, the stream-
wise length fram the leading edge to transition would be

o
L /y=0

(), = 2 (o),
¥ <___>w ¥

By

Then, using (IT>w=O = 2.72 inches from reference 11 results in the

following velues for the length of leminar run normel to the leading
edge, Lg cos V¥:

Lp cos ¥

¥,

v Experimentel
eg Comi)u'ted; (ref. 10},

n. in.

o 2.72 2.72

45 1.00 -86

50 .80 - 70

55 .62 -7

22 P 43

The good sgreement between the calculatlions and the experimental data
indicetes that the concept of streamwlse Reynolds number, as defined
here, can be used to determine the effect of yaw on transition on a

flat plete. PE— —

L]
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This streamwise length Reynolds number loses much of its significance
in flows with pressure gredlent where the boundary-lsyer thickness and
veloclty profiles do not depend on the distance froam the leading edge
only. On a yawed blunt cylinder the length L along an external stresm-
line carmct be defined if the sterting point is taken as the stagnation
line (ul = O) since I then becames inflnite, as can be seen from the

expression for L, which may be written as

2 2 2
X V; + Uy 8in™y
L=f L 2 dx
0 Uq

This indicates that the flow in the nelghborhood of the stagnation line
is lergely spanwlse, and yet the boundary-layer thickness is constant
and the velocity profiles are similar in this reglon. Thus, as i1s well
known, & length Reynolds number for transition in this type of flow
should be based on some local charecteristlc dimension of the boundary
leyer 1tself, such as the momentum thickmess.

For incompressible flow on a yawed cylinder a "resultant" momentum
thickness A mey be defined as

5]
a=/ L( -1>dz
o V1 Vi
and a momentum-thickness Reynolds number 1s then defined as

erA
Ry = e———e
AT

Then, from the method of reference 8, the momentum thickness was calcu-
lated for incampressible flow on a circular cylinder by using the equation

for the chordwise veloclty distribution. The local resultant velocity Vl
is then given by the expression

vy = VAUNwzsin29 + Umzsingw

The results of the calculetion are summarized in the following table

pU, —
where the ratio RA/-——CEJE is given as a function of ¥ and X:

m
L.



20 & ambiiniunvinrd NACA RM L5S6E09

pU_D
R for -
¥, deg 8

X=0.2{X=04|X=0.6|X=0.75
0 0.11 0.22 0.34 0.46
20 .12 .22 .33 A5
40 .15 .22 .33 L3
60 .21 .27 3L 43
oU,D
These results 1ndicate that the ratio 3& o is almost Independent

of yaw angle for X greater then O.4. Thus, if Rp has any significence

a8 a parameter for transition on a cylinder, the value of the stream
Reynolds number for transition should be about the same for ell yaw
angles. Since this 1s contrary to the experimental results of Bursnall
end Loftin (ref. 9), who observed a decrease in the stream Reynolds num-

U,
ber for transition <ET%P>T from 3.7 X 102 to 2.1 X 107 for an increase

in yaw angle fram 0° to 600, the parameter Ra @apparently cennot be used

to characterize the effect of yaw on transition on a cylinder in incom-
pressible flow. Thls implles that some mechanism other than the
Tollmlen-Schlichting type of instabllity is present. Since the corre-
sponding calculations of R, for compressible flow have not yet been

carried out, no definite conclusion as to the effect of viscous insta-
bility 1s possible for thls case except for smell yew angles where the
effects of compressibililiity would still be small.

Three-dimensional boundary-layer instability.- In an investigation
by Owen and Rendall s paremeter X which characterizes the stebility of
the boundeary leyer on a yawed cylinder or sweptback wing was defined as

where © 1s the local boundary-leyer thickness and vpay 18 the meximum

velocity within the boundary layer in the direction perpendicular to the
local external streamline. The veloclty proflle 1n this direction has
en inflection point and is, therefore, dynamically unsteble. An expres-
sion for X 1in terms of the stream Reynolds number, yaw engle, and
chordwise velocity distribution can be derived from an sppropriaste solu-
tion of the laminar-boundery-layer equations. For the incompressible
case where the chordwise flow 1s independent of the spanwlse flow this

expression is

L}
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u
X sin ¥ 1
= F
T o\2 2 175 Q@) (13)
o
H UN
co
Y1
according to Owen end Randall, where ——— 1 1s a calculable function
UNoo
u
of ﬁl—- From sn snalysis of wind-tunnel aend flight-test results they
N,

showed that, when the value of X Treached approximately 125 on swept-
back wilngs, characteristic streamwise striations were first observed Iin
the agent used for visualizing transition (usually china clay). These
gtriations were Interpreted as the traces of small vortices (alined with
their sxes spproximastely parallel to the external stream) which, according
to the analysis, are caused by the dynemlc instablility of the secondary
flow. When X reeched gbout 175 the flow had become completely turbu-
lent with transitlion moving forward to the nelghborhood of the leading
edge.

In order to compare these results for sweptback wings with the case
of the yawed cylinder, equatlon (13) will be eveluated for a circular
cylinder. The detalls of the method used by Owen and Rendell for calcu-
leting F are not available; however, thls function mey be calculated
from the integral method of reference 8 applied to incompressible flow.
The result is

-1/2
u u u
ftL ) p3/20 (a1 (1)
where C = 0.015 by comparison with the approximete formula of Owen

u
and Rendall. Then, the use of ﬁl_ =2 gin 8 for the clrcular cylinder
i)

o0
in equations (13) and (14) gives the expression

X sin 3/2 e -1/
______175 = 0.045 _EEEEE A" Tein 9{;08 6(4 81n°0 + ten wi] (15)

pUD
M
which is plotted against ¢ 1in figure 10 for © = 50°. The maximum
value of the stebility persmeter X, .. occurred at 6 = 50° for all

values of V. Using the values shown in figure 10 and the critical

POERIRRNTE



22 NACA RM I56E09

ISR,

Reynolds number for tramnsition from reference 9 for & circulser cylinder
glves values of Xp =~ 110, 150, and 130 at ¢ = 30°, 45°, and 60°,

respectively. These values of XT are in the same range as those of

the Owen and Randall Investigation, indicating that transition on the
yawed circular cylinder in reference 9 is probebly initisted by the same
mechanism as on the sweptback wings.

Whether these values of X can be used to predict the onset of
instability or trensition in compressible flow is not yet known, although
date reported in reference 12 for a swept wing at Me = 1.61 indicate
that the Instabllity occurs et a much lower Reynolds number than predicted
by the Owen-Randall criterion. For purposes of comparison, a rough esti-
mate of translitlion Reynolds numbers in the'gresent tests can be obtalned
by extrapoleting the date in figure 6 at 21° and 39.7° yaw back to the
theoretical laminar lines for these yew angles, end converting the "wall"
Reynolds number poUoD/Hy to the stresm Reynolds number PocUeoD/Foo
These estlimated values of transitlon Reynolds numbers are then ccmpared

in the following teble with values predicted from equetion (15) (or
fig. 10) with Xp = 130 (as determined from the data of reference 9).

X

max

e U

, m m
deg p'oo ® ® T
Xm =
from Tigure 10| O X = 130 |from figure 6

21.0 0.125 11.0 X 10° 3.6 X 107
39.7 .220 3.5 x 107 1.8 X 107

The experimental values for the transition Reynolds ntmbers are seen to
be gbout 1/5 to 1/2 of the values predicted by the stebllity parameter
for incompressible flow. In reference 12 the experimental transition
Reynolds number (not to be confused with the Reynolds number for the
appeasrance of vortices) was sbout l/lO of the predlcted value, using

5??2 = 125 = 0.0363 +to correspond to theilr test conditions

R (11.8 x 10
and using XT = 175.

6)1/2

The asbove comparisons, together with the previous discussion on
Jlength Reynolds numbers, tend to indicate that the predominating cause
of transition on & yawed cylinder is the inflectional instability of

PRRS SR
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the boundary layer. If thls is the case, the transition Reynolds numbers
obtained in the present tests (with tunnel turbulence end model roughness
effects present) may reasonably be expected to be of the same order as
corresponding values for free-flight conditions. Further evidence sup-
porting this contentlion is that the inflectional Instebility of a three-
dimensional boundary leyer 1s very much more powerful than the viscous

or Tollmien-Schlichting instebility of a two-dimensional bourndary layer,
as shown in reference 13.

CONCLUSIONS

Experimental meagurements of the averasge heat transfer on the for-
ward half of a cilrcular cylinder at a stream Mach mumber of 4.15 and

8tream Reynolds number range of 5 X 10° to 13 X 10° (besed on cylinder
dismeter) resulted in the followlng general conclusions:

1. The average heat-transfer coefficlents et zero.yaw angle were in
good agreement with values predicted by leminar theory end also correlated
satigfactorily with other experimental results at lower Reynolds numbers.

2. At 35° yaw angle the heat-transfer coefficients were 50 percent
to 100 percent higher than the values at zero yaw. This trend is 1n the
opposite direction of that shown by previous data &t lower Reynolds num-
bers where the heat-transfer coefflclents at 35° yvaw were about 20 per=-
cent lower than the values at zero yaw. The increase in heat transfer
with increasing yaw angle, as observed in the present investigstion, is
attributed to transition from leminar to turbulent boundary layer which
apperently occurred primarily as a result of the inflectional instability
of the three-dimenslional boundary leyer on the yawed cylinder.

3. A further incresse in yaw angle from 350 to 60° resulted in a
decreese in heat~-transfer coefficients (from the peak values) of about
35 percent. These data, when plotted in terms of typical turbulent
correlation paremeters, indicate that the magnitude of this decrease
corresponds, approximately, to the decrease in heat transfer with
increasing yaw angle that would be expected on 2 cylinder with a com-
pletely developed turbulent boundary layer.

. The average recovery temperatures for zero yaw were 1n good. agree-
ment with the values predicted by lemlner theory. The recovery tempera-
tures at other yaw angles were between an upper 1limit corresponding to
a theory for the turbulent boundery layer and a lower limlt corresponding
to & theory for the lamlnar boundary layer.
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5. Estimates based on the results of the present Investigation
indicete that the Reynolds numbers (based on free-stream conditions and
cylinder diameter) for transition on a yawed circular cylinder are sbout

b x 102 and 2 X 102 for yew sngles of 20° and 40°, respectively, and for +
the Mach number and temperature conditions of the tests.

Langley Aeronsutical ILseboratory,
National Advisory Committee for Aeronautics,
Lengley Field, Va., April 27, 1956.
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Figure 1.- Mach number distribution based on impact pressure measurements
in the test region at l/h inch above the horizontal center plane.
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(a) Photograph showlng various component.s.

Figure 2.- Photograph and sketches of heat-transfer model.
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Figure 8.- Comparison of the average hest-transfer coefficlents in terms
of correlation parameters on the front half of a circular cylinder at
different flow conditions and yaw angles.
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Figure 9.- Effect of yaw angle and Reynolds number on the ratio of the
- average heat-transfer coefficient on the front half of a yawed cylin-
der to the value at zero yaw.
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Ftgure JO.- The variation of the Owen-Randall stability paremeter with

vaw angle at 0 = 50°

on a clreular cylinder in incompressible flow.
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