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COMPRESSIBLE LAMINAR BOUNDARY LAYER OVER A YAWED INFINITE CYLINDER WITH
HEAT TRANSFER AND ARBITRARY PRANDTL NUMBER ‘~’

By ELI RESHOTKO and IVANE. BECKWITH

The eqtuz.!iou are
compressible laminar

SUMMARY

presented for the deveihpnwni of the
lmundary layer over a yawed in,nde

cylinder, For compremibk jlow &h a prtx~e grad&.t the
chordwi.w and spanwixe jlmx are not independent. Ushg
theStewart80ntransformationand a linearviscmity-temperature
relation yi.daha ~et of three simtinew ordinu~ di@ren&zJ
equationsin aform yielding simihzr8oltiion3. 17wseeguaiimw
are 8olvedfor 8tagn.utiOn-lin4@w for wrface temperhures
from zero to twice tlu free-stream stugnutwn temperature and
for a wide rarqe of yaw angle andfree-8tream Mach number.

The rewh!.sindicate that tti effect of yaw on the heat-transfer
coe~ent at the stagnation line depena%markedly on the free-
stream Mach number. For sub80nic lMach numbers’ the
decrease in Lm.&tran-sfercoe@ient wn”thyaw angle A ti about
- wh~h ~ the decrewe for i~ompr~~~ -@w. HOW-
eoer,for free-stream Mach number8greut.erthan approximately
.2, the variution in heat-trarwfercoqjikient uith ydw angle is
somewhatless than cos A mpt when tlu normal component of
the stream Mach number is subsonti; then tti variation W
to approach ~fi This decreme in heat-trarwfer coef-
ficient with yaw a@e h practically independent of wall
temperattweand Prandti numberfor the wdues of thtxe param-
eters used in the present calcw?atwna. The recooery Jwtor,
de$ned in terms of the loud @ernal temperature, em be
approximate as the square root of the Prandtl numberfor the
ra~e of yaw angle, Mach number, and Prandtl number,
inclwdedin the ealmdaiiom.

An unusual rewlt of the soltiti h that for lurge yaw
angkx and streamMach numbers the chordm.8evelocity within
the boundary layer exceedsthe local external chordwtkevelocity,
evenfor a h@.ly mohd wal.L

INTRODUCTION

AB flight speeds are increased, the problem of aerodynrunic
heating becomes more serious, and the temperatures of
critical areas such as the nose of an aircraft or the wing
leading edge may exceed the design specifications. An
accurate knowledge of the laminar-boundary-Iayer charac-
teristics then becomes desirable, not only for predicting heat-
trcmsfer rates, but also for calculating the stability of the
boundary-layer flow. The yawed infinite cylinder approxi-

1SUWIWM NAOA Teohnfcal Note 39S6,by Eli I@hotko and Ivan E. Beokwfth. 1967.

mately simulates the leading edge of a sweptbackwing or of
a body of high iineness ratio at angle of attaok and also
allows a basic simpliikation of the boundary-layer theory.

Almost simultaneously, l?randtl (ref. 2), Struminsk~
(ref. 3), Jones (ref. 4), and Sears (ref. 5) observed that for
incompressible flow over a yawed iniinite cylinder the
boundary-layer development in the chordwise direction
(normal to the cylinder axis) is independent of the spantie
flow. l?or compressible flow, however, this ‘Independence
principle” does not apply, because the densi@ variation
must depend on the velocities in both the chordwise direction
and the spanwise direction (refs. 3 and 6).

Where the independence principle applies, the solutions for
boundary-layer development in the chordwise plane are
those that have been obtained for incompressible two-
dimensionrd flow. A number of investigators have inte-
grated the spanwise momentum equation for the various
solutions to this problem. Sears (ref. 5) has obtained the
spanwise solution corresponding to the series-type solution
about a cylinder. Wild (ref. 7), by an integral technique,
has obtained the spanwise solution for Hovmrth’s elliptic
cylinder, and Cooke (ref. 8) has tabtiated the spanwise
solutions corresponding to Hartree’s solutions (ref. 9) to the
equations of Falkner and Skan. Further, Goland (ref. 10)
has shown that the heat-transfer coefficient of a yawed
cylinder varies as the square root of the Reynolds number
based on the normal component of the stream velocity.
Thus, for a given stream velocity, the heat-transfer co-
efficient decreases as the square root ~f the cosine of the yaw
angle. This decrease in heat-transfer coeilicient is asso-
ciated with the increase in boundary-layer thickness due to
yaw.

For compressible flow where the independence principle
does not apply, the momentum equations for both the
chordwise flow and the spanwise flow must be solved simul-
taneously. Solutions to the compressible-flow problem
with zero heat transfer and a Prandtl number of 1 have been
given by Crabtree (ref. 11) and Tinkler (ref. 12). Both of
these solutions are for flows where the spanwise hlach
number at the stagnation line of the cylinder is 1 or less.
Consequently, for high stream J4ach numbers these solutions
apply only to cases where the yaw angle is small. From the

~Tl& mpmt combfn= the resolts of two “~depmdent fnvestfmtions, one at the I&In FfIght Prqmleion IAoratorg and the other at the hngley Aermmut.kl IAcoato~. The pdn.
cffmlre9alt9of the Investlgotfon at the 1.8w5sMMmtory were Pr&mkd by the mnlor anthor beforethe KM Heat TmrMer and Flofd hkelmnfm Institnte at Stanford Univerdty on June
22, 195A A brfcfwritten versfoa of that Mk appmre io the pr@wedfn@of the fnetftnta (ref. 1).
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observation that for a l?randtl number of I the ene~
equation and the spanwise momentum equations are similal
(ref. 6), hloore (ref. 13) has indicated the form that Crab-
tree’s equations take for a nonirmdated surface.

The present report extends the work of Crabtree, Tinklerj
and lloore to the more general case of arbitrary PrandtJ
number and an isothermal wall at arbitrary temperature in
flows where both Jfach number and yaw angle maybe large.
The boundary-layer equations are fit simplified by the
assumption of a linear viscosity-temperature relation and
by the application of Stewartson’s transformation (ref. 14).
The resulting system of partial differential equations is
simplified further by assuming an external chordwise velocity
distribution of the Falkner+lkan type in the transformed
coordinate system. The conditions required to reduce the
system to ordinary dillerential equations are discussed.
hTumerical solutions for stagnation-line flow with l?randtl
numbers of I and 0.7 are presented. Expressions are given
for shear, heat transfer, and the variation of heat-transfer
coefficient with yaw angle.

GENERAL EQUATIONS

EOUNDARY-LAYER EQUATIONS

The compressible-boundary-layer equations for a three-
dimensional flow are obtained by application of the Prandtil
boundary-layer assumptions to the general equations govern-
ing the motion of a compressible, viscous, heat-conducting gas
(see, e. g., refs. 6 and 13), One of these assumptions which
may be emphasized for the present application is that the
boundary-layer thickness is small compared with the local
radius of curvature of the surface. Consequently, the
pressure gradient normal to the surface may be neglected,
and the boundary-layer equations are expected to be valid
in the region of the stagnation line on a yawed cylinder.

The boundary-layer equations for a yawed infinite cylinder
are obtained fimm the three-dimensional boundary-layer
equations by not@ that all spanwise derivatives are identi-
cally zero. The coordinate system used is defied by the
following sketch:

Stognotion line -------

u,

‘—Shock WOW

where the z-coordinate is the distance along the cylinder
surface measured in the chordwise direction from the leading-
edge stagnation line, y is the spanwise coordinate, and z is the
coordinate normal to the cylinder surface. (All symbols me
defined in appendix A.)

The equations of motion of the steady compressible hunhmr
boundary layer over a yawed iniinite cylinder are therefore:
Continui@:

Z)(pu)+a(gmv)=o— —
ax az

(1)

(2s)

(!2b)

(2C)

Energy:

where 11 is the total or st&nation enthalpy.
State:

p=pRt

The boundaW conditions for equations (1)
At z=()

u=o=w=;;nd H=HW or ~=0

At Z+ ~
u=u., v=v,, and H=H,

The viscosi~’is assumed @ be a linear function
perature according to the relation

.% t~=c
w

(3)

to (4) me:

of the tom-

where k is a known function of z, and ,u~may be taken as
any desired function of k, such as the Sutherland viscosity-
temperature equation. The chordwise velocity outside tho
boundary layer satisties the following form of Bernoulli’s
equation:

due dpe ap—. —
“U’ (ix dx – ax (0 ,

since from equation (2c) the pressure is constant in tlm direc-
tion normal to the surface.

STEWARTSON’S TRANSFORMATION

The velocities in the equations of motion (eqs. (1) to (3))
can be replaced through the definition of a stream funotion:

*Z=:

, *Z=–:“} (6)
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so that the continuity equation (eq. (I)) is automatically
satisfied.

Stewsrtson’s transformation (ref. 14) is now introduced,
and in a slightly modified form may be written

(7)

z=% s‘Adz (8)
%OPO

()The quantity ~ ~ of equation (7) is exactly the quantity

x of reference 15. - The transformed coordinates are now rep-
resented by uppercase letters (X, a, and the subscript e
refel~ to local conditions at the outer edge of the boundary
layer (external). The subscript O refers to free-stieam
stagnation v81uc9.

With the assumptions of constant Prandtl number, con-
stcmt speciiic heat, and an isothermal surface and by use of
the adiabatic energy equation for the external flow

(9)

equations (2a), (2b), and (3) become

$z#.w-+x+zz=ucu*x ~+(+-1)(1-,~)+

(H(a(l-’)l+’&-’10)
+Z9X–*S9Z=J%9ZZ (11)

[()PO (1—P?’) (7—1) g
+zl?r-+.dz=-~

()
1

~ ‘(WZZ+2JW)ZZ +
2~ 1A

to

where

9=: (13)
e

E–H.
‘=H.–H.

(14)

and

The ratio t& combines the effect of both yaw angle and
Mach number in a single parameter. The physical inter-
pretation of this parameter is simply the ratio of the total
or stagnation temperature of the stream to the stagnation
tempemture of the normal component of the stream. The
variation of the parameter ”with yaw angle for various Nlach
numbers is shown in iigure 1. It is seen that tQ/tNo<sec2A
and becomca large only for large yaw angles combined with
high Mach numbem.

- Yow angle, A, deg

I?XWEE I.—Effect of yaw angle on yaw parameter. Ratio of
specilic heats, 1.4.

For a Prandtl number of 1, g=~, since equations (11) and
(12) are simi!ar and since the functions g and 6 satisfy the
same boundary conditions.

In terms of the transformed velocities, which are deii.ned

u+%
w= –+. }

(16)

equations (10) to (12) can be written

41+(*-1)(1-92)+Uz&+w-uz=ueu

(H%l-’)I+VD= ‘ln
ugx+wg.=vogzz (18)

be
of

\ hj

1}
W7’)zz (19)

useful in formulating integral
lamiuar boundary layers over

These equations should
methods for calculation
yawed cylinders.

SIMILARSOLUTIONS

Ii order to obtain similar solutions, an
l?alkner-Skan type

U.=CX*

external flow of the

(20)
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is assumed, which together with the transformation

(21)

yields the system of differential equations

[ - -(:-’)(1-%(:-’)(1-0)1y“+jy’=~y’1

(22a)

g“+fg’=Q . (Zzb)

e“+Pr $3’= ;::)[%&Y~*)’’+(’-*)”1”l
to

where

The boundary conditions for the system
are:
At q=O

f=Y=9=6=o
AtJna co 1

f’=g=e=l J

(22C)

(23)

of equations (22)

(24)

Site u. may in general depend on z, the right member of
the energy equation (eq. (22c)) is not yet functionally con-
sisted with the left member for arbitiary u. and Pr. The
right member of the equation must be zero or a function of
q to be consistent with the left member. This may be
achieved in the following ways: (1) The external chordwise
veloci@ may be a constant other than zero, (2) the external
chordtie velociW may be zero, (3) the Prandtl number

may equal 1, (4) the factor
[%%)1

may approach the

COIISihIIt tN#Q= Cd A COITCSpOIdhg tO hypersonic flOTV, or
(5) the ratio of speciiic heats -r may equal 1.

lNDEPEND~CE PEINCIPLE

The independence principle can be demonstrated from the
general stystem of equations (22). The chordwise momen-
tum equation (eq. (22a)) is independent of the spanwise
momentum and energy equations under the following
conditions:

(1) Flat-plate flows (m=/3=0) for all Mach numbers,
Prandtl numbem, and heat tmmsfera

(2) The conditions i!O=tNoj zb=i%, which correspond to
incompressible flow ‘ .

Independence does not esist for compressible flow with
pressure gradient, even for zero heat transfer.

STAGNA’ITON-LINE FLOW

All solutions presented in this report are for stagnation-lino
flow where m=/3=1. Two of the previously described
requirements for timilaxity are separately considered in
these solutions. The first requirement is that of Prandtl

“number equal to 1. The system of equations (22) for this
case is reduced to the following two differential equations,
since equations (22b) and (22c) become identical:

fftf+jf/=yL~ ()–$–1 (1–tF)-~ (b–l) (l–e)
o tNo to

(264

o“+je’=o (26b)

with the boundary conditions:
At 7=0

f+’=o=()
At ~~CO

y=l?=l
}

(26)

For the case of zero yaw, equations (25) reduce to those
presented in reference 15, while for the insulated surface

(5=1 for PT=l) they reduce to those of Crabtree (ref. 11),

The second requirement considered is that of zero txiomal
chordwise velocity, which allows arbitrary Prandtl number.
For this case equations (22) become

() ()to tw1 (1–@to ~ ~pg9)–~ ~ff’’+f-’+l–l– —
- tNo o

(27a)

g“+-fg’=o (27b)

tNo
1.——

(27c)#’+Prj#= (1–Pr) - (g~”

to

With heat transfer, the boundary conditions of equrdions
(27) are equations (24).

For the case of the insulated wall an additional boundary
condition is necessary, since the wall temperature is no
longer arbitrary. The heat-trmsfer rate to the wall maybe
expressed as

(28)

which for stagnation-line flow becomes, with use of espres-
SiOllS (8), (14), and (21),

(29)

For the insulated surface, qu=O; and since with arbitmuy
I?mmdtl number the surface temperature is generally not
equal @ the stagnation temperature, the additional boundary
condition from equation (29) is

0:=0 (30)
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Thus, for the insulated surface with arbitrary Prandtl
number, equations (27) are solved subject to the conditions
of equations (24) and (30). For convenience in computing,
the temperature ratio U/G was replaced by the following
expression involving the local recovery factor ta:

(31)

Values of rw then resulted from the solutions.
Equations (25) and (27) were solved numerically for both

immkted and aoninsulated surfaces. The techniques used
at the two laboratories were different. These techniques
are discussed in appendix B. It is interesting and gratifying
to note that the d.iflerent techniques yielded numerical
results that were in excellent agreement.

PROPERTIES Oi SOLUTIONS

In the following sections the. solutions obtained in this
study are presented and their properties discussed. All
solutions are presented in tabular form. Table I shows the
values of j, j’, j“, d, and # tabulated against q for a Prandtl
number of 1. Table Q presents j, j’, j“, g, g’, 0, and #
against ~ for a Prandtl number of 0.7. Table IIC presents
n summary of the vrdues of j: (related to wall shear), g:
(reloted to spwnvise shear), and & (related to heat trans-
fer) for the cases of tables I aud II.s The solutions for
Pr= 1.0 apply whenever the external chordwise velocity
satisfies equation (2o) with m= 1; whereas, the solutions
for Pr # 1.0 apply rigoroudy only at the stagnation line
where u,= O. For practical purposes, however, the solu-
tions for Pr # 1.0 are expected to apply also in the vicinity
of the stagnation line where UC<<G.

VELOCITY AND RNTEALPY PROFIHH

The chordwise and spanwise velocity and enthalpy profiles
obtained from the tabulated solutions are presented as func-
tions of ~ in figures 2 and 3.

The chordw-ise velocity ratio can be expressed

(32)

from the definitions of #, z, and q. It should be remembered
that for the Pr= 1 solutions the normalized temperature
and spanwise velocity profiles are identical. For Pr= 0.7
(fig. 3) the spanwise veloci~ and enthalpy proiiles are
separately plotted. The distance z normal to the surface
at n given station x in the physical plane is related to the
similarity vmiable q through relations (8) and (21) and may
be expressed rts

(33)

: Comprfeon of the re.mdteof reference11wltb the mlntlon dven hep for ++.1, LffOEL
fo/&O-l.2 shows tbot the prrsont velnm fer~ end 0 (mrrespondlng to fI+MfZ and t71+@tfn
the notatfonofref. 11)em .xmtdweblyfarger than the vefnm given fn reforonra11at the same
n. Amorr@! te private wmmrmfcatIon wfth Dr. Creb~ the orfgfd rmrnerfml~b
of raforonra11 wore In errm. The mmeeted results obtained frem Dr. Orehtrm, else by
prtvete wmrmmkatfon, are fn snbstnnthl egreement wfth the prawnt E&tfon.

where

()
;=l+ :–1 (l–e)

-%w~2-(1-2)@ ‘M)

At the stagnation line, equations (33) and (34) become

The differences in the profdes for different values of the
yaw-angle parameter t#NO and the wall-temperature param-
eter &/b (fig. 2) can be attributed to the effect of compres-
sibilityy, since for incompressible flow the chordwise velocity
prcdiles and the temperature profiles are independent of the
spamvise flow. The chordwise velocity ratios are especially
ailected by compressibility; for large values of t&. these
ratios are greater than 1 within the boundary layer, even
for cases where the wall is highly cooled. This same phe-
nomenon has been observed in solutions of the two-
dimensional compres.sibleboundary layer (e. g.,refs. 15 and 16)
for cases of a heated wall and favorable pressure gradient,
and in reference 15 was termed ‘(velocity overshoot.”
According to reference 15, the physical explanation for this
effect is: When the wall is heated, the density in the outer
part of the boundary layer is reduced sniliciently so that
the local flow is accelerated more than the esternal flow.
The same basic explanation appears plausible in the present
solutions, except that the additional heat required to reduce
the local density is generated by the shear of the spamvise
boundary layer, and, hence, the phenomenon mu occur even
when the wall temperature is less than the recovery tempera-
ture. The solutions given by Nloore for the compressible-
boundary-layer equations for a cone at large angle of attack
(ref. 17) also show similw results; that is, the circumferential
velocity ratios are greater thah unity within the boundary
layer. Furthermore, this effect becomes larger as the angle
of attack of the cone is reduced.4 In the present solutions
this is analogous to increasing the yaw angle, which also has
the effect of increasing the recess of the local velocities over
the esternal velocity. Note also that thii axcess chordwise
velocity is reduced by reducing the wall temperature, as
might be expected horn the preceding discussion.

Twelve solutions were computed with Pr=o.7; four of
the are for zero heat transfer and give a recovery factor,
and eight are for cooled-wall conditions with %/%=0 and 0.5.
The velocity and enthalpy proiik for these solutions are
shown in figure 3, and the numerical values of the functions
are given in tables II and Ill For corresponding valua of
t#~o and for td% =0 or _O.5, the j’, g, and 0 profles are
almost the same as those for Pr=l. For %=ta., thefl and
g profiles are also similar to those for Pr=l with tu=h; .

however, the o proiiles for Pr=o.7 and %=-ta@ (fig. 3(a)) are
considerably diilerent from the corresponding profles for
Pr=l. The fact that 0>1 for this case indicat~ that the
local stagnation enthalpy within the boundary layer exceeds
the stagnation enthalpy out&de the boundary layer. This
excess of local stagnation enthalpy over the external value

iThE argle ofyew as dalnwl hm’efnis the mmplmnent of the @meangle ofattaok.
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for zero heat transfer (and also to a lesser extent for a cooled
wall) is apparently caused by the relative increase in the
quantity of heat conducted away from the wall into the
outer layers of the boundary layer when Pr<l. For Pr= 1
and zero heat transfer (k= to) the relative effects of viscosity
and conductivity are balanced and H/H.= 1 throughout the
boundary layer. These same effects have been previously
noted in solutions of the flat-plate boundary layer (e. g.,
ref. 18).

The domains of velocity and temperature overshoot can be
identified with the aid of the asymptotic solution to equa-
tions (27) (appendix C). For simplicity, the discussion that
follows is restricted to a Prandtl number of 1. A more
general treatment is given in appendix C.

The asympto%c expressions for chordwise and spamvise
velocity functions for a Prandtl number of I from appendix
C are, respectively,

‘=lW%-l)+HHI(’- ‘

“-’e4-wl+A’(”-K)-3~ [--l ‘3’)
and

g=,+ (,+-l

“[+1
(37)

I Examination of equation (36) shows that for large q the
term involving Al is dominant, and thus (f’– 1) mill have the

\
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same sign as Al. Site the g function for a Prandtl number
of 1 (fig. 2) always approaches its bound~ condition from
below, Al is always positive, and, consequently, the exis-
tence of chordwise velocity overshoot depende directly on

[ (&l)*-(*’)]~pOsitive.
whether the quantity 2

This quantity is positive when tm+&>2tNo. The domain of
chordwise velocity ovemhoot is shown in figure 4. It may
be seen that for cold surfaces there is only a small range of
tO/t~oin which no overshoot occurs.

For Prandtl numbers other than 1, the behavior of the
staa=ation-temperature profile must be considered separately
from the spamvise velocity profle. From appendix C the
asymptotic variation of 0 is

A, ()

‘[ 1
2l+?++?-1

(~–K)-’ ~
[

_Pr(q –h’)
~ tw ~ 2 7

(38)

r

Figure 3 indicatea that even for a Prandtl number of 0.7
the obtained spamvise velocity profiles approach the bound-
ary condition from below; hence, Al is positive from equa-
tion (37). For Prandtl numbem less than 1 the domiurmt
term in equation (38) is the last one; thus the mistonce of
temperature overshoot is dependent on whether the quantity

()
[“-1

2 1—* +*_l

t= ~
isnegative. The quantity is negative

to

when the numerator is positive with i!m/&<1. It must, of
course, be realized that for t./G> 1 the stagnation tempwa-
tnres in the boundary layer are always higher than the
stream stagnation temperature. In appendix C it is shown
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that the choidwim velocity overshoot domain for a Prandtl
number of 0.7 is the same as for a Prandtl number of 1.
Thus for a cold wnl.1 with Pr=o.7, velocity overshoot and
enthalpy overshoot occur simultaneously. The various
regions of overshoot are summarized in figure 4.

Yaw parameter, to//No

FIGURE &—Domains of velocity and enthalpy overshoot for

stagnation-line flow over yawed oylinder.

SKIN FRICTION

The chordwise and spanwise components of shear stress
at the wall are deii.ned, respectively, ‘m

These can be represented in dimensionless form
skin-friction coefficients: 0

(39)

(40)

by 100al

(41)

(42)

For the specific case of stagnation-line flow lJ,=OX the
quantity C is related to the physical chordwise velocitv-.
yadient as follows:

c–”e–du~.
x dx–

.

(43)
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By use of equation (43), equations (39) and (4o) can- then
be written in the form of skin-friction coefhients based on
free-stream conditions, which for stagnation-line flow are

Te
cf. ~=,

(45)

At the stagnation line itself, the chordwise velocity in the
boundary layer is identically zero; hence, there is zero chord-
wise viscous shearing stress. The dimensionless wall-shear
function ~~ is nevertheless of interest, since it can be used
in calculating c,,. from equation (44) in the region close to
the stagnation line. For the presented solutions values of
~~ are summarized in table III. and plotted in figure 6.
Signi6cant increases in the wall-shear function occur with
increases in the yaw parameter t&O. This is an indication
of the effect of lack of independence between the spamvise
and chord-wise flows.

In the evaluation of the spanwise skin-friction coefficient
for a Prandtl number of 1, the function g: is exactly 02, as

Yaw pam meter, /0 /tNo

Fmum 5.—Effect of yaw on vmll-ehear function for stagnation-line
flow.

indicated in table III and in fig-in-e6. For a Prandtl number
of 0.7, the values of g~ for the obtained solutions me listed
in table III. It may be readily seen from the table that for
,.xmresponding values of surface temperature and yaw param-
eter t&O there is’ very little effect of Prandtl number on
the spanwise shear parameter g:.

Yaw pommeter, to //No

l?mmm 6.—Effect of yaw on heat-transfer parameter for stagnation-
Ene flow. (For Prandtl number of 1, spamvise shear parameter g:
is equal to heat-transfer parameter e:.)

SECONDARY FLOW

Secondary flows axe generally present in boundary layers
whenever the direction of the pressure gradient impressed
by the free-stream flow is differant from the e.stermd flow
direction. A comparison of the directions of the surface
streamline and a corresponding streamline in the estermd
flow provides a measure of the degree of secondmy flow
the boundary layer.

The direction a of the streamline in the vicini~ of
surface is given by the expression

in

he

and the direction of the external stremnline is

tan %=: (47)

The ratio

(48)
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is then indicative of the degree of second~ flow in the
‘ boundary layer. The angles a,- and au are deiined in the

following sketch:

/
Leading edge-.

Fiee -stream

-k

%/

flaw directian ‘8/ External streamline

/
/

..-”—

“Surface” streamline
/

Values of the ratio fC/g~ for the obtained solutions are given
in table 111 and are also plotted in figure 7. As the yaw
parameter is increased, large relative increases in the second-
ary flow me obtained.

yawP3mmeter, to /fflo

Fmurm 7.—Ratio of chordwiee to epanwise surface-sh- pammetem

for stagnation-line flow.
(

KGFor Prandtl number of 1, ~~=o, .
. )

HEAT TRANSFER AND ADIABA~C WALL TEMPERATURE

The heat.-trnnsfer coeilkient is defined as k&+J and

by use of equations (7), (8), (21), and (28) maya~e written
in the dimensionless form

*’%E=(-J’+== “’)
In terms of physical quantities, the heat-transfer coefficient
for stagnation-line flow may be expressed as

“[(2%) ’’IMF=EN “0)

The pertinent parameter from the exact solution is the

‘Uantiw (-)”
For a Prandtl number of 1, whore

-taw=to, this quantity reduces to just tia. However, for
Prandtl nuinbers other than 1, the complete expression is
neceswy, and the adiabatic wall temperature is required,

The quantity
(=)

0~ for stagnation-line flow is

plotted in figure 6 for the present solutions. Figures 6 and 6
show that, while yaw tends to increase both the wall-shear
and the hea&transfer functions, the magnitude of the effect
on heat transfer is much smaller than the corresponding
effect on wall shear. l?~r example, for t&S2 and A <46°,
which from figure 1 includes all free-stre~ Mach numbem,
the heatetransfer parameter is increased less than 13 percent
over the value for tQ/tN~= 1. This indicates that, for many
practical problems, the effects of lack of indepmclence on
heat transfer may not be of great signiikance.

A comparison of the solutions for Pr=O.7 and Pr= 1 at
t#O= O and 0.5 indicates that the effect of Prandtl number,
on the hea&transfer parameter is essentially independent of
the yaw parameter and can be approximately accounted for
by the expression

(61)

The factor P#-Je in equation (51) represents an appro.si-
mate average of the effect of Prandtl number on heat transfm
based on the presented crxact solutions. This factor d~era
slightly from the expression PTO”4proposed by Squire (ref,
19) for the unyawed stagnation-point flow.

The adiabatic wall or recovery temperature at the stagrm-
tion line can be calculated from equation (31), where the
quantity {w is the local recovery factor defined by

—tNo*m=~’”
to—tNo

(62)

Values of ~a have been calculated and are presented in tablo
IV. The values for ticompr-ible flow (~O/~NO= 1) have

been calculated by the method described in appendix D,
while those for tO/tNo>l ~d pr=fl.7 were obt~~e~ by

solving equations (27) subject to the boundary conditions
of equations I(24). and (3o), as described in the section Similar
Solutions.

The results for b/tNo= 1 may be CIOS~Y represented by
PN-A6, and for h/~No> 1 there iS O~Y a sfight rise in recovev
factor from the incompressible value. It is thus felt that
the use of the conventional laminar recovery factor P@~
would be adequate for most purposes.

The local recove~ factor maybe converted to a recovery
factor ~ based on free-stream temperature through the
expre~on

,

(63)
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REYNOLDS ANALOGY

Fmrn equations (4 I ) and (49) a Reynolds analogy para-
meter between heat transfer and chordwise shear may be
written

(54

For a Prandtl number of 1, this equation reduces to 2j ~/9~,
which is just twice the secondary-flow parameter listed in
table III and plotted in figure7.

A more interesting and perhaps more useful Reynolds
analogy can be written in terms of the spanwise shear.
From equations (42), (49), and (51),

(*)65 %: ‘2
hx ()= to—t. ~,‘P7

(55)

z taw—t. “

This latter appro.simate relation applies to all the present
solutions, since for a Prandtl number of 1, g~=O&; and the
results shown in table IJl indicate that (g~)~r.l is approxi-
mately equal to (9L)FT-0.7. The resemblance of equation
(55) to the conventional flat-plate Reynolds analogy is due
to the zero pressure gradient in the spanwise direction.

BOUNDARY-LAYER THICKNESS

The boundary-layer thickness in the physical plane can
be computed from equation (35). By deilnition of the
boundary-layer thickness 6 as the value of z at which 6=
0.9990 (i. e., q=na), the expression for boundary-layer
thickness for a Prandtl number of 1 becomes (from eq. (35))

‘m%=r[(l-*)e-(l-:)”tild’
(56)

This expression has been evaluated for a range of values of
t./to,and the results are shown in figure 8. me actual
boundary-layer thiclmess may then be computed easily for
any given combination of flow variables and wall tempera-
ture.

Y(JWpLYPWIUd.W,fo/fNo

FIGUEE 8.—Boundary-1ayer thickness at stagnation line of yawed
cylinder. Prandtl number, 1.

ENGINEERING HEAT-TRANSFER RELATIONS FOR
STAGNATION-LINE FLOw

The local rate of heat transfer to the wall per unit wall
area is calculated from the relation

g.=h(ta.—tti) (57)

which requires a knowledge of the heat-transfer coefficient h
and the adiabatic wall temperature tati.

The adiabatic wall temperature at the stagnation
obtained from equation (52) with the recovery
evaluated from table IV.

.,

The expression for heat-transfer coefficient is

‘“H(-) e’lJ%FmiTl

line is
factor

(50)

To evaluate the heat-transfer coefficient h in the
stagnation-line region of agiven yawed cylinder, it is necessaxy
to evaluate the fluid properties at the wall, the chordwise
velocity gradient due/dx and the heat-transfer parameter

()to—tu #
— . . The evaluation of these itemz with consider-
t=w–tm

ation of the effects of yaw is discussed in the following
paragraphs.

PLUID PROPERTIIH AT TEE WALL

The thermal conductivity and absolute viscosity can be
considered as functions of temperature alone, but the density
vaxies also with the pressure according to the equation of
state. The static prwure is determined from the inviscid
flow. When the chordwise component of the free~tream
velocity is supersonic, the wall pressure at the stagnation
line is that which would be sensed by a Pitot tube placed
normal to the shock. This pressure is related to the free-
stream static pressure by the expression

(where ikl~~=kf. cos A). For subsonic chordwise flow

(59)

CHOEDWISE VELOCITY GRADIENT

Based on the observation (refs. 20 and 21) that for normal
circular cylinders at fkee-stream Nfach numbers greater than
2 the pressure coefficient vaxies about the cylinder as

(60)

an e.spression for the velocity gradient at the stagnation line
du,/dx was dexived. This relation in dimensionless form is
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Penland (ref. 20) further observed that equation (60) reason-
ably represents the chordwise pressure distribution over a
yawed cylinder. Therefore, equation (61) for a ~awed
cylinder becomes just a function of the normal Mach number.
With a normal Mach number greater than about 2 and upon
introduction of the proper stagnation-line fluid properties,
equation (61) becomes

(62)

It must be remembered that in equation (62)u. is the
chordwise component of the fkee-stran veloci~.

For subsonic chordwise flow (according to ref. 22),

(63)

Relations (62) and (63) are plotted in figure 9 along with
available data on the chordwise velocity gradient from refer-

Normal Mach number, MNm =Mm COSA

FIGURE 9.—Chordwise-velocity-grdient parameter as function of
normsl Msoh number component for flow at stagnation line of
ycmed circular cylinder.

ences 20 and 23 to 25. It is to be noted that for subsonic
D du

normal Mach numbers the experimental values of y ~. dz
tier somewhat from the values of equation (63). It is
therefore recommended that these experimental values be
used in place of the equation. The broken line in figure 9
in the region 0.8<M. cos A<l.5 was drawn as an estimate
of the velocity-gradient variation, since neither equation (62)
nor equation (63) is strictly applicable and there are no
experimental data available for that range.

HEAT-TRANSPER PARAMETER

For the general case of arbitrary Prandtl number and
surface temperature, it is reasonable to assume horn equation
(51) that

(64)

Values of (13~)R.1 maybe obtained horn either table Ill or
figure 6.

When equations (58) to (64) are combined as required,

equation (6o) becomes, for the stagnation line of a yawed
cylinder,

EPPECT OF YAW ANGLB AND MACH NUMBER ON HEAT-TRANSFER
COEPPICENT AT THE STAGNATION LINE

The ratio of yawed to normal heat-transfer coefficient for
a given cylinder with the same conditions of freeatream and
surface temperatures is, from equation (65),

1

(66)

This relation is plotted in figure 10 as a function of yaw
angle and Mach number for an essentially insulated surface

()t; ~ D du.—R
h

. The value of ~ ~ for these calculations was

taken as the modified ‘Newtonian value for M. cm A> 1.6
(eq. (62)) and from the dotted line of figure 9 for
ikfm COS A<l.5.

()‘0 1 the ratio of yawed toFor incompressible flow ~=
o

nor.n-al heat-transfer coefficient becomes

hL
(–)h.o Mm.O

= (COSA)* (67)

which is exactly that indicated experimentally for hot wires
by Schubauer and Klebanoff (ref. 26). For subsonic speeds
the yaw effect is very close to that’ for incompressible flow.
The curve for Mm=l is in some doubt because of the lack
of suitable experimental information on the chordwim
velocity gradient. The effect of yaw for supersonic flow
depends on the normal component of the stream Mach
number. In the region where the normal component of the
stream Mach number is supersonic, the curves of the ratio
of yawed to normal heat-transfer coe5cient are all vwy
close to each other and somewhat below cos A (fig. 10).
As the normal Mach number becomes transonic, the mtio
exceeds cos A, and at large yaw angles where the normal
Mach number is subsonic, the curves tend to approach a
(COSA)* ~ariation.

The influence of the exact solutions reported herein can
be seen by comparing the curve for M-=7 with that for the
same Mach number but for Oj assumed constant at the
zero-yaw value. For a Mach number of infinity the ratio
of yawed to normal heat-transfer coefficient (not shown in
fig. 10) is only slightly below that for MO=7 and from equn-
tions (58) and (66) is given by the relation

The application of the results of this investigation must
be terminated before the case of the parallel cylinder
(A=90°), since the initial hypothesis that spanwim de-
rivatives are identically zero does not apply.
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Yaw angle, A, deg

l?rmmra 10.—Effeot of yaw on heat-transfer coefficient at s@nation
line of circular oylinder with nearly insulated surface. Wall-
tomperature ratio, &/b, 1.0; Prandtl number, 1.

The effect of heating or cooling on the ratio of yawed to
normal heat-transfer coefficient is shown in figure 11 for a
PrandtI number of 1 in terms of a modification factor to the
nearly insulated result. The factor is

(a.,,,=(a.,.
(z%o)t./k=l(Ff$J%,k=,

(69)

Yaw parameter, )0 /i’wo

FIGUnE Il.—Effect of surface-temperature level on heat-tranafer-
caeffioient ratio. Prandti number, 1.

The effect of surface-temperature level horn absolute zero
to twice free-strenm stagnation temperature on the ratio of
heat-transfer coefficients is shown in figure 11 to be within
+10 percent of the insulated heat-transfer-coefficient ratio
for tQ/tNQ<6.6.

The curves of iigures 10 and 11 are essentially independent
of Prandtl number, since the eifect of Prandtl number on

620597~7

mat transfer has been approximately included through a
nod.iiication to the Pr= 1 solutions. The elfect of I%ndtl
lumbar is accounted for exactly through the expression

hL
(–)hA-o R.0.7=

(–)

hA

~AI=o ~r-l

‘(-x
(t )to—tu *,

am 1—t. “A-o pr=().7

(’)

8-A~
8
‘A-o lb-l

(70)

which is shown in figure 12 for 4&=0 and 0.6. For a Prandtl
number of 0.7 there is a maximum effect of approximately
I percent, which occurs for large values of the yaw param-
atbr and a highly cooled wall.

Yow Nrameter, tO/ifl, ~

FKNJEE 12.—Effect of Prandtl number on heat-tmnsfer-coeffloient
ratio.

SUMMARY OF RESULTS

The equations for comptible-boundmy-layer develop-
ment over a yawed infinite cylinder with heat transfer have
been presented and solutions obtained for stagnation-line
flow. The following are among the results obtained:

1. The ratio of yawed to normal heat-transfer coefficient
for the stagnation line of a given cylinder varies with yaw
angle A aa (COS A)* for incompressible flow and shows
nearly that variation for much of the subsonic range.
Where the velocity normal to the cylinder is supemonic,
this ratio is again almost a unique function of yaw angle,
the ratio being in this case somewhat lower than cos A.
Most of this decrease in heat-transfer coefficient with yaw
angle can be accounted for by the change in local flow
quantities outside the boundary layer that occurs as the
normal Mach number and strength of the bow shock change
with yaw angle.

2. The effect of large amounts of heating or cooling on
the ratio of yawed to normal heat-transfer coefficient is
less than 10 percent for values of the yaw parameter t&.

less than 6 for surface-temperature levels from absolute
zero to twice free#remn stagnation temperature. changing
the Prandtl number 1% from 1 to 0.7 had at most a 4-percent
effect on the ratio of yawed to normal heat-trsmfer co-
efficient.

3. The. local rewvery factor at the stagnation line of
yawed cylinders is closely represented by Ffl~. For most
purposes this may be approximated by the square root of
the Prandtl number.

4. Where the independence principle does not apply, the
effects of yaw on chordwise wd shear are much huger on a
percentage bssis than the corresponding effects on spanwise
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shear or heat transfer. For yam angles up to 45° and for
all Mach numbers, values of a 10CSJheat-transfer parametw

AZU/& (where ~U is ~~~t number ~d Re= iS tie
Reynolds number at the wall) for stagnation-line flow am
less than 13 percent above the zero-yaw value.

5. For favorable pressure gradient, a chordwise veloci@
overshoot is obtained where the sum of the surface tempera-
ture and the fkee-stream stagnation temperature is greatw
than twice the external temperature (&+&> 2t~O). While
in the unymved case velocity overshoot is obtained only for
heated surfaces, with yaw it is obtained also for cooled
surfaces. Another unusual effect noted was that for Prandtl

numbers less than unity, when velocity overshoot was
obtained for an insulated or cooled surface, the local stagna-
tion enthalpy within the boundary layer exceeded the stream
stagnation enthalpy.

6. The degree of secondary flow, as @dented by tho
deflection of the ‘%-all” streamline compared with the
external streamline, increaaed with wall temperature nncl
yaw-angle parameter.

Lmws FLIGHT PROPULSIONLABORATORY

TSfATIONALADVISOEY CoramrrEE FOR AERONAUTICS

CLEVDLAND,OHIO, April ~, 1/%7
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APPENDIX A

SYMBOLS

A1,A2, . . .
a
c

c,

Cf
Cp

;

9

H

L
Ii

ksu

M
m
i%
Pr
P

i

.%’

Rep

t
u
‘u
v
w
w
x
z
IJ

constants in aaymptdic solution
sonic velocity
stagnation-line chordwisg velocity gradient,

Q=g=!&

prwaure coe.flicient, ~

~ P.@O

local skin-friction coe.ilicient
specific heat at constaqt pressure
diameter of cylinder at stagnation line
function related to stream function,

db%- —
span&ise veloci@ variable ‘

?-L*+$
total enthalpy, c,t +7

heat-transfer coefficient
thermal conductivity
Sutherkmd% constant
Mach number
exponent from U.= OX”
Nuaselt number, Ax/km
Prandtl number
pre9sure
heat-transfer rate to wall per unit area
gas Condllrlt

taw—t
free-stream recovery factor, ~

Reyn&ls number at the wall, %

static temperature
transformed chordwise velocity component
chordwise velocity component
spanwiae velocity component .,

transformed normal velocity cnmponaut
normal velocity component
transformed chordwise coordinate
chordwise coordinate
spanwise coordinate

Superscripts:
1“

transformed normal coordinate
normal coordinate
streamline inclination

presswre-gradieut parameter, *1

ratio of specific heats
boundary-layer thiolmess
spanw-iae temperature-difference parameter
local recovery factor

rm+ 1 u.
similarity variable, Z —

2Z
H–H

normalized enthalpy function, H _HW
● m

constant in asymptotic solution
yaw angle

absolute viscosity
kinematic viscosity
density
wall shear stress
stream function

adiabatic wall
chordwise
local flow outside boundary layer (external)
maximum
component normal to cylinder axis
Spanvfise
stafjnatiori line ,“

VW or surface value
free-strewn quantity ahead of bow shock

wave
free-stream stagnation-value
quantity pertaining to yawed cylinder
quantity pertaining to normal cylinder

differentiation with respect to 7
asymptotic quantity

1033
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APPENDIX B

SOLUTION OF ORDINARY DIFFERENTL4L EQUATIONS

Solutions to equations (25) were obtained independently
at both the NACA Lewis and Langley laboratories. The
solutions to equations (27) were obtained at the Langley
laboratory. The procedure used at the Lewis laboratory
was the forward integration tedmique described in appenck
B of reference 27, and is based on five-point integration
formulas. This is tbe same procedure as that used in obtain-
ing some of the solutions presented in ref erence 15. An IBM
card-programmed electronic calculator was used.

At the Langley laboratory the step-by-step integration
procedure described in reference 28 was used. This procedure
seems somewhat superior to the five-point technique and some
of the results will therefore be described in detail. This
particular procedure is a modification of the Runge-Kutta
method and was developed primarily for automatic digital
computing machines. The Bell Telephone Laboratories
X-66744 relay computer at Langley is one of this type and
was used for the present solutions. A step size of 0.2 *as”
used for all the solutions, although a few solutions were also
calculated with a step size of 0.1 for the purpose of evaluating
the error due to step size. The calculations were carried out
to v=6.0, since the results showed that the stream boundary
conditions could always be satisfied to the desired degree of
accuracy for 7<6.0.

CONVERGENCETOBOUNOARyCONDITIONS

The integration of the present equations constitutes a
“two-point boundary-value problem” in which the correct
initial values at T=O (such that the boundary conditions for

‘ large q are satisiied) of the functions or their derivatives are
usually found by a trial-andaror or interpolation method.

The procedure used to obtain convergence for the present
solutions involved an adaptation of Newton’s method to three
variables and the idea that for large ~ the value of the func-
tions depends on the rw.sumed initial values at ~=0. Apply-
ing this procedure to equations (27) with boundary cmditions
of equations (24) results in the following general functional
forms :

where the subscripts co and w denote the computed values
of the function at large q and at ~= O, respectively. The
error in the functions at large q is then given by
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, (B2)

The various partial derivatives in equations (332) moy bo
evaluated approximately from four trial solutions according
to the following table:

“’’sO1”’’O”% ‘dia’de’’v’’ive

The beat solution of these four, for example solution i, is then
used to obtain the errors, which from equations (24) aro

dj~=f’(~) –fL,=l–&

1do.= O(CO)-O.,=l-OO, ‘ (B3)

dg.=g(m)–g=t=l–g.,

where j~i, Omt,an d gmt are the computod valuea at largo q

from the best solution.
Equations @2) are then solved simultaneously for

dj:, dO& and dg:. The corrected initial values are

(B4)

-which may be used for repeating the whole procedure until
convergence is attained. In the present problem, however,
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satisfactory convergence was attained by computing a trial
solution with the corrected initial values and then using
the results of this new solution to reevaluate df~, dem,
and dg. from equations (B3); equations (132) were then
solved for df~, d6& and dg~ by using the partial derivatives
rdrendy obtained. A new set of initial val~ea is computed
from equation (334) and the results of the new solution,
and the procedure is repeated until the boundary conditions
are satisfied to the desired degree of accuracy. In most
cases four or five more trial solutions were required for this
purpose, which made a total of about nine trial solutions
for any ,one case. Note, however, that in accordance with
Newton’s method the preceding procedure cannot be expected
to give satisfactory convergence unless the errors df ~,
dflm, and dgm from the original four solutions are reasonably
small. In the present problem these errom were limited
to about 0.4 before the partial derivatives were evaluated.

ACCURACY OF SOLUTION

The inherent error in the Rnnge-Kutta method is of the
order of the step size to the fifth power. A discussion of the
errors in the integration procedure used here is given in
reference 28.

An example of the errors due to step size and initial valuea
for one of the present solutions is given in the following
table for the case ~/&= 1.5, t&o= 1.2, and Pr=l:

Initiil ValUt?S Boundar:&6nO$tions at

step size

1!
f. 0: f’(6.0)

0.2 1.664076 0.610869 0.999684
.2 L 664085 .610863 .999987
.1 1.664086 .610863 .999328 A

e(6.0)

0.999998
.999999

1.000027

Inspection of the table indicates that the value of f’ at large ~
is relatively sensitive to both the initial values and the step
size. This is in accordance with the values of the partial
derivatives, which for this caae were

M
+=0.51
aj.
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al?+=1 .56
ae.

In general, all the solutions were repeated until the maxi-
mum error in the boundary conditions was at most 0.0001
in f’ and 0.00001 in Oor g at 7=6.0 with a step size of 0.2.
Reducing the step size to 0.1 gives a more accurate solution,
which can be used to evaluate the errora in the initial values
f:’ and tl~for the 0.2 step size. Thus, the sample solutions
given h the table indicate that reducing the step size to
0.1, but using the same initial values, increases the- errora
in the outer boundary conditions by 0.00066 for f’(6.0)
and by 0.00003 for 0(6.0). Adding these changes to the
maximum allowable cmmputiug errora of 0.0001 in f’(6.0) and
0.00001 in (?(6.0) results in an improved evaluation of the
actual errors, -which would be approximately 0.0007 in
f’(6.0) and 0.00004 in 0(6.0). From these errors in Y and 8
and the values of the partial derivatives just given, the
mu@mum errora in the initial values as obtained from
equations (132) (modified for the case of Pr= 1) are

dj;= +0.00001

deL=&O.00003

Thus, the initial values are accurate to at least the fourth
decimal place, ~nming that a further decrease in step size
would not have much additional effect on the solutions.
The functions f’ and 0 are evidently accurate to the third
and fourth decimal places, respectively, for large values of q.

COMPARISON OF THE TWO TECHNIQUES

Among the cases calculated, threecfor -&m/h=1 were done
independently by both techniques. Comparisons of values
of ~i and & ss well as valuea off, Y, ~.’, o and # at q=4
are given in the following tables: ‘

I I I I

1.1 1.29887 1.29886 0.67760 0.57763
1.36401 ‘ 1.36400 .58446 .58447

;: 2.40863 2.40857 .67698 .67699

I I I I I I

f (4) f’ (4) f’ (4) e (4) # (4)

kll,vo
Five- RKuu:~ Five- RU&g& Five- RK:t~ Five- R&g& Five- RKu:~
point point point point point

1.1 3.3902 3.3901 1.0000 1.0000 0.0001 0
3.4265 8.4263

0.9996 0.9996 0.0016 0.0016

M
L 0002 1.0000 0 –. Oobl .9997 .9996 .0015 .0015

3.8946 3.8947 L 0002 1.0001 –. 0006 –. 0007 .9999 .9999 .0004 .0004

There is a tierence of not more than 0.0001 in the initial leas for all valuea of q. It is felt therefore that sill tabulated

values and not more than 0.0002 in the functions near the values in tables I, II, and III are certainly correct to three
outer edge of the boundary layer. An examination of other decimal places and that most of the tabulations are probably
values of the functions shows them to differ by 0.0002 or correct to +0.0005.
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APPENDIX c

ASYMPTOTIC SOLUTION

In emminin g the behavior of the presented solutions near
the outer edge of the boundary layer, it is useful to find a
solution of the system

.f~~f+fyf=y2–l () ()–&l (1–9%$ $–1 (1–8)
o 0

(27a)

g“+fg’=(l (27b)

1–:
e“+PTfe’= (1–Pr) — @,),, (27c)

l—~

for large q.

The asymptotic form for j (designated ~ is assumed to
consist of a sum of terms, each smaller than the preceding.
O~Y the tit two terms are considered herein. T!IM mr-
responding solutions for the spanwise velocity function fi
and the stagnation enthalpy function ~ are also obtained.

Let

j=x+~ (cl)
where

32%71

J;<j;
Since lim.~~= 1, let

~,=q–. (C2)

where x is an undetermined constant. If ~1 is inserted-into
equation (27), the @rrespondi.ng spanwise velocity function
~1 and ‘enthalpy function ~, must both be 1. Inserting
equations (Cl) and (C2) into equations (27) and dropping
higher order terms result in

Equations (C3), (C41), ~d (C5) are very similar to equations
(B3) of reference 15. For Pr= 1 and t&O= 1, they are
identical. The procedure for obttig the asymptotic

1036

solution is similar to that in appendix B of reference 16.
Equation (C4) can be integrated directly to give

(C6)

which integrates once again to the complementary imor
fimction

or

(C7)

By use of equations (C4) and (C6), equation (C6) can now
‘be written

to

(C8)
Which has as its complete solution

(C9)

where the coefEcient A2 may be evaluated by recognizing
that the asymptotic forms fi, and;2 are identiml for a Pramltl
number of 1. From equatiom (C7) and (C9) with Pr= 1,

‘2=A1r(’-(Ulo)

Assume that this expression holds for Pr# 1. Equation
(C9) then becomes

(Cll)
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TIIo expwssione (C7) and (Cll) for ;, and ~j, respectively,
may now be substituted into the differential equation (C3)
for j;:

For large q the right side of equation (C12) can be rewritten
using the leading term of the following expansion of the
complementary error function

$wx=z (++ “ “ “) (C13)

13quation (C12) then becomes

( )]to t=

~ F—1 (q–K)-’ KCp
[ 1
–: (q_K)2 (C14)

A particular solution to equation (C14) is sought wherein
tlm leading term is of the form

$:= B(T–K)N w
[ 1
–: (q–y (C15)

Substituting equation (C15) into equation (C14) and exam-
ining the results, separately for Pr # 1 and for Pr= 1 result

in the following particular solutions:
For Pr# 1

L=- Wr(k)p(i$l)+
( )]to Lo_l

g to [ 1
(7–K)‘3q –; (n–K)’ (C16)

and for Pr= 1

(C17)

It is to be noted that for Pr<l, equations (C16) and (C17)
ham the same qualitative behavior; that is, they are both

positive or negative depending on whether the quantity

~(&l)+~(~-lj] ~positiveorn@gative

The complementary function for~ can be found by noting
that the homogeneous part of equation (C12) is Weber’s
equation. Hartree (ref. 9) gives the general solution for
large values of the argument V—K, which ean be written

In order to satisfy the boundary condition ~1 ~= O, it is
necessmy to take &=O in equation (018).

Th6 asymptotic variations of velocity and enthalpy func-
tions are, from equations (C7), (Cll), (C13), (C16), (C17),
and (C18)

[ 1
- (T–K)-’~ ‘:(T–K)’ +

A’(q-K) -3exp
[-W(C1’)

(37)

An examination of equations (C18) for Pr<l and equation
(36) for Pr= 1 shows that the velocity functions in these
cases have the same qualitative asymptotic behavior, since
the Al terms in both cases dominate over the As terms.
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APPENDIX D

STAGNATION-LINE RECOVERY FACTOR FOR YAWED CYLINDER

The evaluation of the recovery factor for the stagnation
line of a yawed cylinder in essentially incompressible flow
is accomplished by rewriting equations (27) with the quantity

t~#O replaced by the equivalent expression 1—An? where
.--

*O <<1 and with (L-~)< <1. The resulting equa-
9

tions are

f flt+ff ti=f f*_~ @l)

g“+fg’+)

d

@l)//#’+Prj9’= (1–%) ~%_p~

() to

(D2)

@3)

The first two of these equations are recognized ~ the mo-
mentum equations for chordwise and spmrwise incompr--
sible stagnation-line flow over a yawed cylinder. The energy
equation (eq. (D3)) must be further reduced by writing o
in terms of the temperature-difference parameter

(D4) ‘

The expression for 0 in terms of ~ becomes horn equations
(14) and (D4)

(D5)

Substitution of relations (335I and (D2) into equation

(333) yields for tite *O
P

F’+pr f~+2Pr g“=O (D6)

Equation (D6) is identical to that of Schuh (ref. 29).
With the boundary conditions:

At v=O
F=o

At ?ac.o
~=o ‘

the value of f- at the wall becomes the rewvery factor and
from equations (III), (D2), and @6) can be written

where
1g;= (D8)

Jr

.-
e“ ‘“Q dT

o

For the present paper, values of {W were obtained for
Pr=O.7, 0.8, 0.9, and 1 and are shown in table IV. Tho
value indicated for Pr=O.7 agrees with that of Schuh.

A recovery factor for the stagnation line defied in telms
of fre~tream static temperature is related to f= as follows:

~=ta.–t.—=l—(l —fu) SinzA
&–t.

(D8)
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TABLE I.-STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL NUMBER OF 1

:=O; ~=1.o
tNo

f

0: ::;;

.0514

.1143

.2001

.3068

.4321

.5736

.7288

.8953

1.0709
1.2636
1.4417
1.6337
1.8285

2.0263
Z 2238
z 4221
26214
Z 8211

3.0209
3.2208
3.4208
3.6207
3.8207

f/

0.0000
.1291
.2646
.3734
, 4830

.6819

.6690

.7437

.8062

.8671

.8973

: ;%:
. WE

.9874

.9924

.9966

.9976

.9987

.9993

.9997

.9999

1: %%

7

0
,2
.4

:!

1.0
L2
L 4
1.6
L8

Lo
22
24
26
28

3,0
3.2
3.4
3.6
3.8

4.0
4.2
4.4
4.6
4.8

fl,

0.6489
.6393
.6128
.5728
.6226

; $0;

.3427

.2828

.2270

.1769

.1338

.0980

.0694

.0476

.0315

.0201

. :;3

.0042

.0023

.0012

.0006

.0003

.0001

0

0.0000
.1013
.2023
.3023
.3999

.4937

.6819

.6627

.7349

.7972

.8404

.8915

.9243

.9489

.9666

.9790

.9872

.9025

.9958

.9977

.9988

.9994

.9997
9999

i 0000

o’

0.5067
.6062
.6032
.4951
.4800

.4564

.3835

.3368

.2863

.2353

.1866

.1424

.1047

.0741

“. :60;

.0207

.0125

.0073

.0040

.0022

.0011

.0006

.0003

o

.2

.6

.8

1.0
1.2

-:-:
1.8

20
22
2.4
2.6
28

3.0
3.2
34
3.6
3.8

40
4.2
44
4.6
4.8

6.0
5.2
g.;

6:8

6.0

f

0.0000
.0136
.0540
.1199
.2094

. y):

.5966

.7646

.9244

1.1028
1.2877
L 4775
1.6707
1.8664

-20638
22622
24612
26607
28605

3.0603
3.2603
3.4602
3.6602
3.8603

4.0603
4.2603
4.4603
4.6603
4.8604

5.0604

t._.
. ~=1.2

z— ‘ tNO

Y
f,

0.0000 0.6823
.1367 .6708
.2670 .6392,
.3903 .6920
.6031 .5338

.6034 .4688

.6904 .4010

.7638 .3339
2704

.:% : 2128

.9098 .1627

.9380 .1206

.9686 .0866

.9731 .0603

.9831 .0406

.9897 .0264

.9940 .0166

. ;:3: .0101
.0069

:9990 .0033

.9996 .0018
.0010

i %:; . 0006
1.0000 .0003
1.0001 .0002

L 0001 .0001
1.0001 .0001
1.0001 .0001
L 0001 .0001
1.0002 .0001

L 0002 .0001

0

0.0000
.1026
.2048
.3069
.4046

.4092

.6879

.6690

.7410

.8029

.8644

.8957

.9277

.9616

.9685

.9803

.9881

.9931

.9961

.9979

.9989

.9994

.9997

.9999

.9999

L 0000
L 0000
1.0000
L 0000
1.0000

e’

0.5130
.5126
.5093
.5007
.4847

.4698

.4259

.3837

.3353

.2835

.2316

.1823

. 13s3

.1009

.0709

.0479

.0311

.0194

.0116

.0067

.0037

.0020

.0010

.0005

.0002

.0001

.0000

.0000

.0000

.0000

.0000
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TABLE I.—Continued. STAGNATION-LINE FLOW SOLUTIONS
NUMBER 1

o
.2

.:
\. 8

LO
L2
L4
L6
L8

20
22
24
26
28

3.0
3.2

::
3.8

40
4.2
4.4
4.6
4.8

5. o“
5.2
5.4
5.6
5.8

6.0

f

0.0000
.0149
.0590
.1306
.2273

.3461

.4839

.6374

.8035

.9795

L 1629
L 8618
L 5445
L 7399 ‘
L 9371

21364
23344
25338
27335
29334

3.1333
3.3333
3.5333
3.7333
3.9332

4.1333
4.3333
45333
47333
4.9333

5.1333

~=O; ~=1.6
ho

f’

0.0000
1484

:2910

. %

.6442

.7308

.8015

.8674

.9003

.9322

.9552

.9712

.9820

.9891

.9936

.9964

.9980

.9989

.9995

.9997

.9999

.9999
L 0000
1.0000

L 0000
1.0000
L 0000
1.0000
1.0000

1.0000

0.7475
.7319
.6898
.6282
.5540

.4735

.3924

.3153

.2455

.1853

.1365

.0960

.0659

.0438

.0281

.0175

.0106

.0061

.0035

.0019

.0010

.0005

.0002

.0001

.0001

.0000

.0000

. Oooci

.0000

.0000

.0000

e

0.0000
.1049
.2095
.3128
.4134

.5095

. :::;

-7523
.8133

.8635

.9033

.9337

.9661

.9719

.9826

.9896

.9940

.9967

.9982

.9991

.9995

.9998
9999

1:0000

1.0000
L 0000
1. OIJOO
L 0000
1.0000

L 0000

e’

0.5249
.6243
.6207
.6112
.4934

.4661

.4291

:::

.2244

.1745

.1307

.0941

.0651

.0434

.0277

.0171

.0101
-.0057

.0031

.0016

.0008

.0004

.0002

.0001

.0000

.0000

.0000

.0000

.0000
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QF 1

o
.2
.4

.!

1.0
1.2
1.4
1.6
1.8

20
22
24
26
28

3.0
X2
K4
3.6
3.8

40
4.2
44
46

f

0: ml:

.0638

.1409

.2444

.3708

.6162

.6769

.,8496
1.0309

L 2188
L 4111
1.6063
1.8035
2.0018

2.2009
24004
26002
28000
29999

3.1999
3.399,8
3.6998
3.7998

t
f=o; ~+o=2.0

0.0000
.1608
.3141
.4544
.5778

.6826

.7683

.8359

.8874

.9251

.9617

.9699

.9818

.9893

.9939

.9966

.9981

.9090

.9994

.9997

.9998

.9998

.9998

.9998

0.8106
.7907
.7379
.6617
.5716

.4769

.3821

.2967

.2206

.1586

.1099

.0734

.0473

.0294

.0176

.“0102

.0067

.0030

.0016
,0007

.0003

.0001

.0000

.0000

e

0.0000
.1071
.2139
.3192
.4216

: w!
.6911
.7624
.8226

.8716

.9100

.9389

.9600

.9747

: M:
.9948
. 9D72
.9986

: R%
.9998
.9999

o’

0. ;5;:

:6313

: %!;

.4716

.4316

: %%
.2726

.2177

: M:

: R%

; .0396
.0240
.0151
. (IX&

.0027
, 0014
.0007
.0003
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TABLE” I.—Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
NUMBER OF 1

0
.2
.4

::

1.0
1.2
1.4
1, 6
L 8

2.0
2.2
24
!Z6
2.8

3.0
3,2
3.4
3.6
3.8

2:
4.4
4.6
4.8

5.0
5.2
5.4
5.6
5.8

6.0

t
-T:=o; ~=2.2

0.0000
.0168
. :::;

.2628

;. 2424

1:6366
1.8336
20325

22319
2.4316
2.6315
2,8314
3.0314

3.2314
3.4314
3.6314
3.8314
4.0314

4.2314
44314
46314
48314
5.0314

5.2314

0.0000
.1668
.3263
.4695
.5954

.7010

.7862

.8622

.9013

.9366

.9606

.9766

.9866

.9926

.9960

.9980

.9990

.9996

.9999

.9999

1.0000
1.0000
1.0000
L 0000
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000

1.0000

f’

0.8413
.8194
.7611
.6776
.6795

.4763

.3764

.2857

.2083

.1467

.0978

.0629

.0388

.0230

.0130

.0070

.0036

.0018

.0009

.0004

.0002

.0001

. ml

.0000

.0000

.0000

.0000

.0000

.0000

.0000

0

0.0000
.1082
.2159
.3222
.4264

.5236

.6143

.6960

.7671

.8268

.8762

.9129

.9412

.9617

.9759

.9853

.9914

.9951

.9973

.9986

.9993

.9996

.9998
9999

1:0000

1.0000
1.0000
1.0000
1.0000
1.0000

1.0000

9’

0.6410
.6404
.5362
.5252
.6049

.4740

.4327

.3828

.3273

.2700

.2146

.1640

.1206

.0863

.0679

.0378

.0237

.0143

.0083

.0046

.0026

.0013

.0006

.0003

.0001

.0001

.0000

.0000

.0000

.0000

.0000

CYLINDER 1041

CYLINDER WITH PRANDTL

o
.2

.:

.8

1.0
1.2
1.4
1.6
1.8

20
22
24
2.6
28

3.0
3.2
3.4
3.6
3.8

::
44
4.6
48

6.0
5.2
;;

5:8

6.0

f

0.0000
.0191
.0763
.1653
-2847

.4283

.5909

.7676

1: M

1.3441
1.6432
1.7433
1.9438
21444

2.3449
2.5452
2.7464
2.9456
3.1466

3.3457
3.6467
3.7457
3.9467
41467

‘L 3457
4.6467
47467
L 9467
5.1457

6.3457

,,

0.0000
.1900
.3687
.6276
.6620

.7699

.8621

.9113

. !33;:

.9912

1: ;%%
1.0028
1.0026

1.0020
1.0014
1.0009
1.0006
1.0003

1.0002
1.0001
1.0000
1.0000
1.0000

1.0000
1.0000
L OQOo
L 0000
1.0000

1.0000

y,

O. 9607
.9300
.8494
.7361
.6061

.4738

.3607

.2446

.1696

.0963

.0627

.0249

.0089

. 0Q08
–. 0026

–. 0032
–. 0028
–. 0021
–. 0014
–. 0009

–. 0006
–. 0003
–. 0001
–. 0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

8

0.0000
.1120
.2235
.3333
.4395

.5398

.6318

.7136

.7838

.8418

.8879

.9232

.9492

.9675

.9799

.9880

.9931

.9962

.9980

.9989

.9995

.9997

.9999

.9999
1.0000

1.0000
1.0000
1.0000
L 0000
1.0000

1.0000

0’

0.6603
.6595
.5646
.6417
.6181

:%;
.3807
.3205
.2598

.2026

.1517

.1092

.0756.

.0602

.0321

.0197

.0116

: %::

.0019

.0009

.0004

.0002

.0001

.0000

: Ml%
.0000
.0000

.0000
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TABLE “1.—Contiiued. STAGNATION-LINE FLOW SOLUTIONS
NUM33ER

o
.2
.4
.6
.8

;: :
1..4
1.6
1.8

2.0

:2
2.6
2.8

3.0

::
3.6
3.8

4.0
4.2
4.4
4.6
48

6.0

22
5.6
5.8

6.0

f

0.0000
.0219
.0860
.1880
.3219

.4811

.6688

.8492
1.0474
1.2496

1.4636
L 6677
1.8613
20641
22660

2.4673
2668-2
2.8686
3.0689
3.2691

3.4691
3.6692
3.8692
4.0692
4.2692

& 4692
4.6692
& 8692
6.0692
6.2692

5.4692

+= o; ~=4.o
tNo

f

0.0000
.2176
.4196
.6962
.7383

.8475

.9248

.9748
L 0036
1.0172

L 0211
1.0197
1.0169
1.0117
1.0080

1.0061
1.0031
1.0018
1.0010
1.0005

1.0003
L 0001
L 0001
1.0000
1.0000

L 0000
1.0000
L 0000
L 0000
1.0000

1.0000

L 1025
1.0603
.9509
.7997
.6304

.4632

.3138

.1918

.1009

.0397

.0032
–. 0149
–. 0210
–. 0203
–. 0166

~. 0121
–. 0082
–. 0052
–. 0031
–. 0017

–. 0009
–. 0006
–. 0002
–. 0001
–. 0001

.0000

.0000

.0000

.0000

. OWO

.0000

e

0.0000
.1163
.2319
.3455
.4549

.5574

.6506

.7322

.8011

.8671

.9007

.9333
: ;2;

.9836

.9906

.9946

.9971

.9985

.9992

.9996

.9998

1: %%?
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000

1.0000

e’

O. 5816
.5806
.5748
.5696
.6320

.4911

.4383

.3770

.3119

.2479

.1892

.1386

.0975

.0669

.0427

.0266

.0169

.0092

.0061

.0027

.0014

.0007

.0003

.0001

.0001

: M%!
.0000
.0000
.0000

.0000

COMMTIT13E FOR AERONAUTICS

FOR YAWED INFINITE CYLINDER WITH PRANDTL
OF 1 \

o
.2
.4
.6
.8

1.0
L 2

:::
1.8

20
22
2.4
2.6
28

3.0

;2
3.6
3.8

40
42

f

o. Ooilo
.0271
.1060
.2299
.3899

.6763

.7797

.9926
1.2091
1.4264

1.6394
1.8604
2.0684
2.2639
2.4674

2.6696
2.8709
3.0716
3.2719
3.4721

3.6722
3.8722

$=0; $=6.0

y

0.0000
.2690
.5137
.7179
.8740

1: E;:
1.0773
L 0843
1.0770

‘ 1.0629
1.0473
1.0332
1.0220
L 0138

1. 0Q82
L 0046
1.0026
1.0013
1.0006

1.0002
1.0001

j,!

1.3679
1.3014
L 1320
.9038
.6570

.4249

. :;0;

–. 0082
–. 0590

–. 0776
–. 0769
–..0638
–. 0484
–. 0340

–. 0223
–. 0137
–. 0080
–. 0044
–. 0021

–. 0006
.0013

0

0.0000
.1234
.2461

: :%;

.6866

.6810

.7618

.8281

.8802

.9194

.9477

.9673

.0802

.9886

.9936

.9.665

: MR
.9996

.9998

. 9909

e’

o. U3:

:6086
.6889
.6638

: :%;
.3680

: ;%3

: ;%!
.0707
.0617
.0322

. p;

:0061
.0032
.0017

: 8:8!

.
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‘l’ABLE! I.—tintinuecl. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1 ,

tm
~=o; 3=6.5

ho

~ f
y j,, e e’

o 0.0000 a 0000 L 4313 a 0000 0.6254
.2 .0284 .2813 L 3584 .1250 .6242
.4 .1107 .5369 L 1736 .2492 .6161

7465 .9259 .3706 .5953
:: : %; :9051 . 6601 .4862 .5584

5984 : :;3; .4128 .5928 .5052
?; : 8076 2089 .6874 .4390
L4 1.0253 L 0990 :0602 .7680 .3655
1.6 L 24S6 L 1008
L8

–. 0334 .8336 .2913
L 4648 L 0887 –. 0807 .8848 .2221

20 L 6808 L 0707
2,2

–. 0946 .9231 .1022
, L 8930 L 0622

24
–. 0880 .9504 .1134

21018 L 0361
26

–. 0718 .9692 .0761
23077 L 0236 –. 0533 .9815 .0490

28 25115 L 0146 –. 0368 .9893 .0302

3.0 27138 L 0086 –. 0238 .9941 .0179
3, 2 29151 L 0049 –. 0145 .9968 .0102

% 1158 L 0026 –. 0084 .9983 .0056
;: 3.3162 L 0014
3.8

–. 0046 .9992 .0029
3.5164 L 0007 –. 0024 .9996 .0016

4.0 3.7165 L 0003 –. 0012 . ;:;;: .0007’
4.2 3.9166 L 0002 –. 0006
4.4

0003
41166 1.0001 –. 0003

46
i 0000 :0001

4.3166 L 0000 –. 0001 L 0000
4.8 4.5166 L 0000 .0000 L 0000 : g::

4.7166 L 0000 .0000 L 0000 .0000
ti 49166 1.0000 .0000 L 0000 .0000
5.4 5.1166 L 0000 .0000
5.6

1.0000 .0000
h 3166 L 0000 0000 L 0000 .0000

5.8 5.5166 L 0000 ~ :0000 L 0000 .0000

6.0 5.7166 L 0000 .0000 L 0000 .0000

~=o.25; $0=1.2

72 f f f, e e’

.— .- ---

0. 0.0000 a 0000 CL8673 0.0000 h 5344
.2 .0169 .1669 .7933 . m3f3 .5338
.4 . oti57 .3187 .7175 .2133 .5297

1432 .4534 .6292 .3183 .5189
.: :2459 . 6702 .5387 .4203 . 4gf)3

LO .3701 .6690 .4503 .5173 .4697
1.2 . E&x .7506 .3672 .6075 .4301
L 4 .6693 .8164 . 291% .6833 .3322
L6 .8380 .8680 .2261
L8

.7600 .3288
1.0157 .9075 .1703 .8202 . ‘2732

2.0 L 2003 .9368 .1247 .8694 .2189
22 L 3899 .9580 .0887 .9081 . 16go
2-4 L 5831 .9729 .0612 .9374 .1255
226 L 7788 .9830 .0410 . g58g .0397
28 L 9761 .9897 .0265 .9738 . o13N3

21745 .9939 .0166 .9839 .0407
u 23736 .9965 .0101 . 990s .0258
3.,4 25730 0059 -9945
3.6 27728

.0158
::::: :0034 .9970 .0092

3.8 29726 .9995 .0019 .9984 .0052

40 3.1725 .9998 .0010 .9992 .0028
42 3.3725 ; 9999 .0005 .9996 .0015

3.5725 i 0000 .0003 .9998 .0007
:: 3.7725 L 0001 .0002 9999 .0004
48 3.9725 1.0001 .0001 i 0000 .0002

5.0 4.1726 L OQO1 .0001 L 0000 .0001
5.2 43726 L 0001 .0001 L 0000 .0000
64 45726 L 0001 .0001 L 0000 .0000
6.6 47726 L 0001 .0001 L 0000 .0000
h8 49727 1.0002 .0001 L 0000 .0000

6.0 5.1727 L 00Q2 .0001 L 0000 .0000

,... .,
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TABLE I.—Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

t
f= O.26; $.=1.6

7 f f’ j,, o 8’

0 : Oofi a 0000 : !3;3: 0.111:1
.2

0.5507
1882 5500

.4 .0739 :3563 .7856 :2197 :5452

.6 .1602 .5019 .6699 .3277 .5329

.8 .2732 .6243 .5542 .4322 .5105

LO .4084 .7240 .44& .5312 -4770
L2 .5614 : :~m? .3453 .6223 .4330
L 4 .7283 2697 .7038 .3807
L6 9056 .9076 :1889 .7743 .3234
L8 i 0905 .9395 .1328 .8331 .2649

20 ; g:; .9616 .0902 .8004 .2090
22 9764 .0592 .9171 .1587
24 L 6709 :9859 .0375 .9444 .1159

L 8688 .9919 .0230 .9640 .0813
;: 20675 .9954 .0136 .9774 .0549

3.0 22669 .9975 .0078 .9864 .03.66
32 24665 .9987 .0043 .9921 .0222

26663 : :;3; .0023 .9955 .0133
:: 28662 0012 .9976 .0076

3.0662 .9999 :0006. .9987 .0042

4.0 3.2662 0003 .9994 .0022
3.4661 i %;: : 0001 .9997 .0011

2: 3.6661 L 0000 .0001 .9999 .0006
4.6 3.8661 L 0000 .0000 9999 .0003
4.8 40661 L 0000 .0000 i 0000 .0001

6.0 4.2662 L 0000 . Ocilo L 0000 .0001
5.2 44662 L 0000 .0000 L 0000 .0000
6.4 & 6662 L 0000 .0000 L 0000 .0000

48662 L 0000 .0000 L 0000
:: 5.0662

0000
1.0000 .0000 L 0000 :0000

6.0 6.2662 L 0000 .0000 L 0000 .0000

~=o.25; JL=2.2
lN~

7 f f f, e 0’
—

o 0.0000 0.0000 L 1530 0.0000 0. ;;%
.2 .0223 .2185 L 0268
.4 .0856 .4093 .8787 : %% : :;::
.6 .1839 .5694 .7224 .3402
.8 .3113 .6985 .5698 .4479 :6247

LO .4614 .7982 .4299 .6492
6288 .8717 .3092 .6416 : l%!

i: :8086 . 9233 .2109 .7229
1.6 9970 .9576 .1365 .7922
L8

:3162
i 1908 .9789 .0812 .8490 .2632

2.0 L 3880 .9912 .0446 .8939
22 L 5869 9977 .0217 .9278
24

: ;%:
L 7868 i 0005 .0086 .9526 .1037
L 9870 L 0016 .0019 .9699

;: 21873 L 0016 –. 0010 .9816 :::::

3.0 23876 L 0012 –. 0018 .9891
3.2 25878 1.0009 –. 0017

27880
: po:

L 0006 -.0013 : %::
M 29881 L 0003 –. 0009 .9982 :0060
3.8 3.1881 L 0002 –. 0005 .9991 .0032

2.3881 L 0001 –. 0003 .9996
:: 3.6882 L 0001 –. 0002 .9998
44 3.7882

: %:;
L 0000 –. 0001

4.6 3.9882 L 0000 .0000
48 4.1882

i %!!! : ::%
L 0000 .0000 L 0000 .0001

5.0 43882 L 0000 .0000 L 0000
&2 46882 L 0000 .0000 L 0000
5.4

: :%:
& 7882 L 0000 .0000 L 0000
4.9882 1.0000 .0000 L 0000

:: 6.1882
: %:8

L 0000 .0000 1.0000 .0000

6.0 5.3882 L 0000 . .0000 1.0000 , 0000
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TABLE I.—Continued. STAGNATION-LINE FLO.W SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

+=0.26; JQ3.O
tN~

v f f’
f, e ti

o 0: ::;; 0.0000 1.3644 0.0000
.2

0.5976
.2563 1.1918 .1195 .5965

.4 .1000 .4748 .9898 . ;;mJ .5895

.6 .2134 .6517 .7799 5716

.8 .3680 .7874 .6799 :4669 :6401

L o .6268 . S&& .4029 .5696 .4946
1.2 .7099 2674 .6630 .4372
1.4 9044 1:0116 :1466 .7440 .3721
L 6 1:1049 1.0200 .0690 .8116 .3044
1, 8 1.3082 1.0210 .0200 .8669 .2391

2, 0 ;. ;~~ 1.0182 –. 0070
2.2

.9077 .1803
1.0141 :: :;): .9386 .1306

2,4 1:9196 1.0100 9606 .0908
2, 6 2.1219 L 0067 –. 0187 :9766 .0606
2.8 2.3236 1.0042 –. 0145 .9864 .0389

3.0 ; ;24; 1.0026 –. 0103 .9916 .0239
1.0014 ~: :3$ . ::;; . ml

;: Z 9267 1.0008
3.6 3.1269 1.0004 –. 0024 :9987 :0044
3.8 3, 3260 1.0002 –. 0013 .9994 .0023

4.0 3.6261 1.0001 –. 0007 .9997
4.2 3.7261 1.0001 –. 0004 .9999 : %;;
4.4 3,9261 1.0000 –. 0002 .0003
4.6 4.1262 1.0000 .0000 1: %%: .0001
4.8 k 3262 1.0000 .0000 1.0000 .0001

6.0 4.6262 1.0000 .0000 1.0000 .0000
6.2 4.7262 1.0000 .0000 1.0000 : ::);
6.4 & :;:; 1.0000 .0000 1.0000
6.6 1.00 0 .0000 1.0000 .0000
6.8 6:3262 1.0000 .0000 1.0000 .0000

6.0 6.6262 1.0000 .0000 L 0000 . Oocfl

~=0.6; ~=1.2
tNJ

T f
jl

f’ o 8’

0 0.0000 0.0000 1.0409 0.0000 0.5630
.2 .0200 9168 .6622
.4 .0766 : M: : 7859 : ;$:;
.6

5472
.5103 .6682 .3289 :6344

.8 : ;%; . 6298 .6379 .4337 .6114

.4151 .7262 .4288 .5328
::: .

.4773
5682 .8022 .3331 .6239 .4327
7348 .8606 .2521 .7053 .3799

1:; : 9114 ; !33; .1856 .7756 .3223
1.8 1.0966 .1329 .8341 .2637

2.0 1.2851 .9579 .0926 .8812 .2079
2.2 1.4783 .9733 .0625 .9177 .1677

1.6740 .9885 .0410 .9448
:: 1.8714 .9901 .0260 .9642 : W
2.8 2.0699 .9942 .0160 .9776 .0544

2.2690 .9967 .0096 .9865 .0363
;: 2.4685 .9982 .0055 .9921 .0220
3.4 2.6683 .9990 .0031 .9966 .0131

2.8681 .9996 .0017 .9976 .0076
:: 3.0680 .9997 .0009 .9987 .0042

4.0 3.2680 .9999 .0004 .9994 .0022
42 3.46,80 .9999 .0002 .9997 .0011
44 3.6680 9999 .0001 .9999 .0006
4.6 3.8680 1:0000 .0000 .0003
4.8 4.0680 1.0000 .0000 1: %%! .0001

5.0 4.2680 1.0000 .0000 1.0000 .0000
5.2 L 4680 1.0000 .0000 1.0000 .0000

46680 1.0000 .0000 1.0000 .0000
:; 4.8679 1.0000 .0000 1.0000 .0000
6.8 5.0679 1.0000 .0000 1.0000 .0000

6.0 6.2679 1.0000 .0000 1.0000 .0000
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STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

T

o
.2
.4

.:

1.0
1.2
1.4
1.6
1.8

‘2. o
2.2
2.4
2.6
2.8

:;
3.4
3.6
3.8

2:

2:
4.8

5.0

;;

5:8

6.0

f

0.0000
.0230
. l):):

.3143

.4636

.6295

.8073

.9936
-1.1865

1.3809
1.5786
1.7774
1. 97#39
21767

2.3767
2.5767
2.7767
2.9768
3.1768

3.3768
3.5768
3.7768
3.9769
4.1769

4.3769
4.5769
4.7769
; :;;:

5.3770

$=0.5; ~= 1.6
tN~

f’

0.0000

. %

.5720

.6965

::%
.9130
.9473
.9697

.9836

.9917

. W&

.9996

1.0000
1.0001
1.0002
1.0001
1.0001

1.0001
1.0001
L OilOl
1.0001
1.0001

1.0001
1.0001
1.0001
1.0001
1.0001

1.0001

f,

1.2062
1: ();;;

.7005

.5469

.4120

.2988

. X-l&

.0880

.0631

.0302

.0160

.0078

.0034

.0012

–: %:!
–. 0001
–. 0001

–. 0001
.0000
.0000
.0000
.0000

.0000

.0000

: %::
.0000

.0000

0

0.0000
.1145
.2284

. E:

.5491

.6413

.7226

.7918

.8486

. W&

.9522

.9696

.9813

.9889

.9937

.9965

.9982
-9991

.9995

.9998

1: %:;
1.0000

1.0000
1.0000
1.0000
1.0000
1.0000

1.0000

e’

0.5728
.5719
. m;

.5242

.4861

.4360

.3768

.3148

.2532

.1959

.1460

.:%

.0472

.0300

.0183

.0107

.0060

.0033

..0017
.0008
. cl);:

.0001

.0000

.0000

.0000

.0000

.0000

.0000

+=0.5; ~ =2.2
tN~

~ ~ Y
f,, o 0’

0 0.0000 0.0000 1.4406 0.0000 0, 5986
.2 .0273 .2654 1.2111 .1197 .6076
.4 .1031 .4841 .9760 .2386 .5902
.6 .2179 .6566 .7618
.8

.3660 .6710
.3628 .7863 .6606 .4664 .6308

Lo .5299 .8788 .3803 .6700 . 4d3D
1.2 .7123 .9407 24.46 .6632 .4363
1.4 9047 .9790 :1433 .7440 .3712

1:1028 1.0001 .0730 .8116
i: : 1.3040 1.0098 .0283 .8667 : W

2.0 1.6063 1.0127 .0029 .9074 .1803
2.2 1.7088 1.0119 –. 0091 .9384 .1307

1.9110 1.0096
‘; t

–. 0128 .0604 .0910
21126 1.0070 –. 0124 . !3764 .0009

2.8 2.3138 L 0047 –. 0100 .9863 .0391

3.0 2.6146 1.0030 –. 0072 .9916
3.2 2.7150 1.0018 –. 0048 .9963 : ;?::
3.4 2.9163 1.0010 –. 0030
3,6

.0082
3.1166 1.0006 –. 0018

3.8
: %::

3.3165 1.0003 –. 0010 . mlo3 : %;;

40 3.6166 1.0001 –. 0006
42

.0012
3.7166 1.0001 –. 0003 : :::;

44 3.9156
.0006

1.0000
46

–. 0001 ; :):
4, 1166 1.0000 .0000 1: %::

48 4.3166 1.0000 .0000 1.0000 .0000

5.0 4.6156’ 1.0000. 8.qfh 1.0000 .0000
5.2 4.7156 L 0000 .000 1.0000 .0000

49166 L 0000 .0000 L 0000
:: 6.1167

.0000
1.000.0 .0000 L 0000 .0000

6.8 6.3167 1.0000 .0000 1.0000 .0000

6.0 5.6157- 1.0000 .0000 1.0000 .0000
.-—

.

.



COMPRESSIBLE LAMlN&t BOUNDARY LAYER OVER A YAWDD DWINITE CYLINDER ‘ 1047

TABLE I,—Continued. STAGNATION-LINE FLdW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

t
;=0.5; ~=3.o

~N~

7 f y fft e e’

o 0.0000 0.0000 1.7341 0.0000 0.6280
.2 .0326 .3168 1.4210 .1255 .6266
.4 .1221 .5680 L 1024 .2501 .6175
.6 .2557 .7681 .8035 .3716 .5950
.8 .4216 .8919 .5425 .4870 .5563

1.0 .6094
1.2

3303 .5931 .5020
1: %% :1706 .

i ;;l%
6870 .4356

1.0499 .0610 .7669 .3628
i: : 1..2293 1.0548 –. 0058 .8321 .2898
L8 1.4399 1.0498 –. 0398 .8832 .2219

20 1.6490 L 0403 –. 0613 .9216 .1629
22 1.8560 L 0301 –. 0493 .9490 .1148
24 2.0611 L 0210 –. 0409 .9681 .0776
2.6 22646 1.0138 –. 0308 .9807 .0503
28 2.4668 1.0086 –. 0214 .9887 .0314

26681 L 0051 –. 0140 .9937
::

.0188
28689 1.0029 –. 0086 .9966 .0108

3.4 3.0694 1.0016 –. 0050 .9982
3.6 3.2696

.0060
1.0008 –. 0028 .9991

3.8 3.4697
.0032

1.0004 –. 0015 .9996 .0016

4.0 3.6698 i. 0002 –. 0008 .9998 .0008
42 3.8698 1.0001 –. 0004
44

9999 .0004
4.0698 1.0000 –. 0002 1:0000 .0001

4.6 4.2698 1.0000 –. 0001 L 0000 .0001
4.8 k 4698 1.0000 .0000 L 0000 .0000

5.0 & 6698 1.0000 .0000 L 0000 .0000
6.2 & 8698 1.0000 .0000 L 0000 .0000
5.4 5.0698 L 0000 .0000 L 0000 .0000.
5.6 6.2698 L 0000 .0000 1.0000 .0000
5.8 5.4698 1.0000 .0000 1.0000 .0000

6.0 5.6698 L 0000 .0000 L 0000 .0000

.,

o
.2
.4

.:

1.0
1.2
1.4
1.6
L8

;;

2:
2.8

3.0
3.2
3.4
3.6
3.8

40
42
4.4
46
48

6.0
5.2
5.4
5.6
5.8

6.0

f

0.0000
.0389
.1441
.2990
.4881

.6982
9189

1:1430
1.3668
1.5851

1.8000
Z 0108
22182
24229
2.6258

2.8275
3.0284
3.2290
3.4293
3.6294

3.8294
& 0295
4.2295
44295
4.6295

48295
5.0295
5.2295
5.4295
5.6295

5.8295

:=0.5; ~=4.o
tN~

fl

0.0000
.3744
.6640
.8720

L 0076

L 0842
L 1168
L 1200
L 1065
L 0856

1.0638
1.0446
1.0295
L 0185
1.0111

1.0063
L 0035
1.0018
L 0009
L 0004

L 0001
1.0001
1.0000
1.0000
1.0000

1.0000
L 0000
1.0000
L 0000
1.0000

L 0000

f“

20786
L 6608
1.2386
.8491
.5184

.2604

.0783
–.-0350
–. 0926
–. 1105

–. 1043
–. 0862
–. 0649
–. 0464
–. 0298

–. 0185
–. 0109
–. 0061
–. 0032
–. 0017

–. 0008
–. 0004
–. 0002
–. 0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

e

0.0000
.1318
.2624
.3892
.5086

.9168

.7111

.7895

.8620

.8995

.9342

.9686

.9747

.9852

.9916

.9954

.9976

.9988

.9994

.9997

9999
i 0000
1.0000
L 0000
L 0000

1.0000
L 0000
1.0000
1.0000
L 0000

1.0000

0’

0.6693
.6676
.6463
.6187
.5721

.5083

.4324

.3519

.2738

.2038

.1463

.0992

.0650

.0409

.0247

.0143

.0080

.0043

.0022

.0010

: ::%
.0001
.0000
.0000

.0000

.0000

.0000

.0000

.0000

.0000

. .
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TABLE I.—Continued.

—

REPORT 137~NATIONU ADVISORY CO~ FOR AERONAUTICS

STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

o
.2
.4

.:

1.0
1.2
L 4
1.6
1.8

2.0
22
24
26
28

3.0
3.2

:!

40
4.2
4.4
4.6
4.8

6.0
5.2

2:
5.8

6.0

f

0.0000
.0629
.1933
.3943
.6318

8866
i 1446
L 3973
1.6404
1.8731

20963
23117
2.5215
27274
29308

3.1327
3.3337
3.5342
3.7344
3.9345

4.1346
43346
& 5346
L 7346
4.9346

5.1346
5.3346
5.5346
6.7346
6.9346

6.1346

f’

0.0000
.5060

i K2;
L2-446

1.2910
L 2817
L 2414
1.1893
1.1382

1.0948
1.0615
1.0379
L 0223
L 0125

1.0067
L 0034
1.0017
L 000S
L 0003

L 0001
L 0000
L 0000
L 0000
L 0000

L 0000
L 0000
1.0000
1.0000
1.0000

L 0000

f,

28663
21868
1.5090

.:%

.0709
–. 1423
–. 2440
–. 2657
–. 2396

–. 1921
–. 1411
–. 0964
–. 0619
–. 0375

–. 0216
–. 0119
–. 0062
–. 0031
–. 0015

–. 0007
–. 0003
–. 0001
–. 0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

0

0.0000
.1441
.2365
.4234
.6498

.6613

.7548

.8292

. ;3:

.9541

.9725

.9842

.9912

.9953

.9976

.9988

.9994

.9997

.9999

1: ;%;
L 0000
L 0000
L 0000

L 0000
L 0000
L 0000
L 0000
L 0000

L 0000

8’

0.7213
.7187
.7021
.6626
.6982

.6140

.4196

.3253

.2401

.1689

.1136

.0731

.0451

.0267

.0152

.0083 -

.0043

.0022

.0011

.0006

: ;E:
.0000
.0000
.0000

.0000

.0000

.0000

.0000

.0000

.0000

o
.2
.4

.:

LO
L2
L4

?:

20
22

;:
2.8

3.0
3.2
3.4
3.6
3.8

40

22
46
&8

6.0

k:
5.6
6.8

6.0

f

0.0000
.0229
.0868
.1846
.3098

.4663

.6191

. 7!&

i 1669

1.3604
L 6666
1.7643
1.9631
21524

23520
26518
27518
29517
3, 1617

3.3517
3.5517
3.7617
3.9517
4.1617

43617
46517
47517
49617
51616

6.3516

~=0.76; ~0= 1.2

0.0000
.2230
.4100
.6626
.6837

.7772

.8473

.8983

.9343

.9688

.9760

.9853

.9917

.9964

.9976

.9988

.9994

.9997

.9999

.9999

L 0000
L 0000
L 0000
1.0000
1.0000

1.0000
L 0000
L 0000
1.0000
L 0000

L 0000

f,

1.2069
1: ~~

.6814

.6332

.4064

.2993

.2142

.1484

.0996

.0645

.0403

.0243

.0142

.0079

.0043

.0022

.0011

.0005

.0002

.0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

0

0.0000
.1139
.2271
.=3

.6463

.6382

.7194

.7887

.8468

.8910

.9266

.9607

.9686

.9806

.9886

. :;;:

: ;:%

.9996

: %::
1.0000
1.0000

1.0000
1.0000
L 0000
1.0000
1.0000

1.0000

e’

0.6996

: :%x

: %!;

.4834

.4342

.3771

: ;%:

: i%:
, 1062
.0733
.0487

: %;
.0112
.0063
.0034

.0018

: %:!
.0002
.0001

.0000

.0000

.0000

:8:8:

.0000

.
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TABLE I.—Continued. STAGNATION-LJNE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1 .,

~=0.75; $=1.6

Jv f’ f’ “f o o’

0 0:cm; 0.0000 1.4153
.2

0.0000 0.5921
2589 1.1736 .1184 .5910

.4 .1004 :4699 .9388 .2360 .5840
6357 .7231 .3512 .5663

.: : %;; : 7610 .6347 .4617 .6366

1.0 8616 .3777 .6646 .4913
L 2 : :::; : 9142 .2532 .6674 .4366

.8780 .9550 .1697 .7383 .3724
::: 1.0717 .9798 .0932 .8062 .3066
1.8 L 2692 .9937 .0490 .8610 .2426

2.0 1.4687 1.’0006 .0218 .9036 .1844
2, 2 ~ (33:; L 0032 .0066 .9363 .1348
2.4 1.0037 –. 0009 .9581 .0946
%6 20706 1. OQ32 –. 0037 .9738
28

.0638
2.2711 1.0024 –. 0041 .9842 .0413

3.0 2.4716 1.0016 –. 0034 .9908 .0267
‘2 6718 1.0010

;~
–. 0025 .9948 .0164

28720 1.0006 –.’0016 .9972 .0088
3.0720 1.0004 –. 0010 .9984 .0049

3:8 & 2721 1.0002 –. 0006 .9993 .0026

4.0 3.4721 1.0001 –. 0003 .9996 .0013
4.2 3.6721 L 0001 –. 0002 .9998 .0007
44 3.8722 L 0000 –. 0001
4.6 4.0722

.0003
1.0000 .0000

4.8
1: %% .

& 2722
0001

1.0000 .0000 1.0000 .0001

5.0 44722 1.0000 .0000 L 0000 .0000
6, 2 4.6722 L 0000 .0000
6.4

t 1.0000 .0000
4.8722 1.0000 .0000 1.0000

6.6
.0000

6.0722 1.0000 .0000
5.8

1.0000 .0000
6.2722 1.0000 .0000 L 0000 .0000

6.0 I 6.4722 I 1.0000
I

.0000 1.0000
I

.0000

5=0.75; $0=2.2

$ f y. y! o 8’

0 0.0000 0.0000 L 7110 0.0000
.2 .0320 .3090

0.6212
1.3790 .1242 .6199

.4 .1192 .5524 L 0592 .2474 .6111
2489 .7347 .7706 .3677 .6894

.: : 4096 .8636 .6264 .4821 .5520

1.0 .6914 .9482 .3294 .5876 .4996
1.2 .7866 1829
1.4

.4364
i ::: :0816 : % .3646

1.6 1: !% L 0337 .0182
L8

.8270 .2930
1.4021 1.0335 –. 0163 .8787 .2260

20 1.6084 1.0285
22

–. 0308 .9179 .1673
L 8134 L 0220 –. 0331 .9463 .1188

24 20172 L 0157 –. 0290 .9661
2.6

.0810
2.2198 L 0105 –. 0225 .9704

28
.0530

2.4215 1.0067 –. 0161 .9879 .0333

3.0 2.6226 1.0040 –. 0107 .9931
3.2

.0201
2.8232 1.0023 –. 0067 .9963

3.4
.0117

3.0236 1.0013 –. 0040
%6 3.2237

.9980 .0065
-1.0007 –. 0022 .9990

3.8
.0036

3.4238 1.0003 –. 0012 .9995 .0018

40 3.6239 L 0002 –. OOQ6
4.2

.9998 .0009
3.8239 1.0001 –. 0003 .0004

44 40239 1.0000 –. 0001 1: %%
46

.0002
4.2239 1.0000 –. 0001 L 0000,

&8
.0001

44239 1.0000 .0000 L 0000 .0000

5.0 46239 L 0000 .0000
6.2

1.0000 .0000
4.8239 1.0000 .0000

5.4
L 0000 .0000

6.0239 1.0000 .0000 1.0000
5.6

.0000
6.2230 1.0000 .0000

5.8
L 0000 .0000

5.4239 1.0000 .0000 L 0000 .0000

6.0 6.6239 1.0000 .0000 L 0000 .0000
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TABLE I.—tintinued.

REPORT 137-NATIONAL ADVISORY COm&m’EE FOR AERONAU!ITCS

STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

o

.2

.;
1.0
L2
L4

:::

2’0
22

;;
28

3.0

;!

3:8

4.0

::
4.6
4.8

:;
5.4
5.6
5.8

6.0

f“

0.0000
.0386
.1424
.2942
.4788

~8~
i 1179
: X&

1.7651
1.9743
21805
2.3846
25871

27886
29896
3.1899
3.3902
3.5903

3.7904
3.9904
41904
4.3904
45904

4.7905
49905
5.1905
5.3905
5.5905

6.7905

~=o.75; :=3.0

f,

0.0000
.3708
.6525
.8525
.9825

1.0569
1.0905
1.0969
L 0878
L 0715

L 0538
L 0380
1.0253
L 0160
L 0097

L 0056
L 0031
1.0016
L 0008
1.0004

1.0002
1.0001
1.0001
L 0001
L 0001

L 0001
L 0001
L 0001
1.0001
L 0001

1.0001

, f?,

20802
1.6278
L 1961
.8139
.4987

.2579

.0896
–. 0150
–. 0694
–. 0884

–. 0865
–: 0718
–. 0547
–. 0386
–. 0265

–. 0159
~: m;

–. 0029
–. 0015

–. 0007
–. boo3
–. 0001

.0000

.0000

.0000

.0000

.0000
.0000
.0000

.0000

e

0.0000
.1307
.2603
.3862
.6048

.6126

.7066

.7852

.8481

.8963

.9317

.9566

.9734

. :@

.9951

.9974

.9987

.9993

.9997

.9999

i ;%%
L 0000
L 0000

L 0000
L 0000
L 0000
L 0000
1.0000

L 0000

e’,

O. 6541
.6524
.6413
.6143
.5688

.5066

.4326

.3535

.2766

.2072

.1487

.1023

:x:
.0260

.0152

.0085

.0046

. ;Jg

.0006

.0003

.0001

.0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

0
.2
.4

.“:

Lo
1.2
L4

;!

::
3.4
3.6
3.8

5.0
5.2
5.4
5.6
6.8

6.0

0.0000

:%3
.1952
.3266

.4772

1::8:
1.2009

L 3960
1.6932
1.7916
1.9909
2.1906

2.3903
2.5902
2-7902
29901
3.1901

3.3901
3.5901
3.7901
3.9901
41901

4.3901
4.6901
‘L 7901
49901
5.1901

& 3901

0.0000
.2379
. 433;

.7100

.8011

.8676

.9146

.9468

.9680

.9816

.9897

.9945

.9972

.9987

.9994

.9997
9999

i 0000
L 0000

L 0000
1.0000
L 0000
L 0000
L 0000

L 0000
L 0000
L 0000
1.0000
1.0000

.1 .0000

1.2989
1.0810
.8747
.6880
.6266

.3896

.2798

.1944

.1306

.0844

.0526 ‘

.0314

.0180

.0098

.0061

.0026
,0012
.0006
.0002
.0001

-.0000
.0000
.0000
.0000
. 0000

.0000

.0000

.0000

.0000

.0000

.0000

0.0000
.1166
.2303
.3430
.4613

.6627

:%!
.7949
.8611

. 8M4

: :%
.9704
.9819

.9893

.9939

.9967

.9982

.9991

.9996

.9998

1: %::
L 0000

L 0000
1.0000
1.0000
1.0000
1.0000

L 0000

.1933

.1434

: %:
.0461

.0202

.0177

.0104

.0058

.0031

.0016

.0008

.0004
, ::1

: M::
.0000
.0000
.0000

.0000
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TARLE I.—Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

~=lo &=12t

b “;tNo “

T f
j, y, ‘o 8’

0 a 0000 c10000 L 3640 0.0000 @ 5845
,2 .0257 .2489 L 1265 .1168 .5834
.4 4615 .9020 .2330 .5768

: :!j : 6112 .6999 .3469 .5600
:; , .7333 . 62q4 .4561 .5307

1.0 .4946 .8234 .3808 .5583 .4884
L 2 .6661 .8875 .2658 .6508 .4350

.9315 .1780 .7317 .3739 J
;: i %% . 9603 .1140 .8001 .3097
1.8 L 2317 .9784 .0694 .8557 .2468

20 L 4286” .9891 ., . Q3QQ
22

.8982. .1892
L 6271 .9950 .0214 .9319 .1394

24 L 8264 .9981 .0105 .9555 .0987
26 20262
28

0045 .9720 .0671
22262 1: % :0015 . 9829 .0439

3.0 24262 1.0002 .0002
3.2 26263

.9900 .0276
L 0002 –. 0003 .9943 .0166

3.4 28263 1.0002 –. 0003 .9969 .0096
3.6 3.0263 L 0001 –. 0003 .9984 .0054
3.8 3, 2263 L 0001 –. 0002 .9992 .0029

4.0 3.4263 L 0000 –. 0001 .9996 .0015
4.2 3.6264 L 0000 –, 0001 .9998 .0007
4.4 3.8264 L 0000 .0000
4.6

0003
4.0264 1.0000 .0000

4.8
i %1% :

42264
0002

L 0000 .0000 L 0000 .0001

500 44263 L 0000 .0000 L 0000 .0000
502 4.6263 L 0000 .0000 L 0000 .0000
5.4 4.8263 L 0000 .0000 L 0000 .0000
5, 6 5.0263 L 00013 .0000 L 0000 .0000
5,8 6.2263 L 0000 .0000 - L 0000 .0000

6.0 6.4263 L 0000 .0000 L 0000 .0000

9

0
.2
.4

. . 6
.8

LO
L2
L4
L6
L 8

20
22
24
26
228

3.0
3.2
3.4
3.6
3.8

4.0
42

f

a 0000
.0291
.1085
.2272
.3752

.5442

.7274

i W;
L 3176

L 5191
1.7208
1.9223
21235
23244

25249
2 72S2
29254
31255
3.3255

3.5255
3.7255

a 0000
.2809
. ?$MJ

.7989

.8855

.9424

.9772
9964

1:0055

L 0085
1.0084
L 0069
1.0050
L 0034

L 0021
L 0012
L 0007
L 0003
L 0001

L 0000
.9999

f),

L 5535
1.2569
.9785
.7309
.5152

.3523

.2231

.1299

.0668

.0275

.0053
–. 0053
–. 0090
–. 0090
–. 0073

–. 0054
–. 0036
–. 0023
–. 0014
–. 0008

–. 0005
–. 0003

e

a 0000
.1206
. 240s
.3577
.4696

.5735

.6666

.7472

.8142

.8679

.9091

.9396

.9613

.9760

.9857

.9917

.9954

.9975

.9987

.9994

.9997

.9999

CL6035
.6023
.5945
.5752
.5418

.4944

.4354

.3694

.3013

.2362

.1779

.1286

.0894

.0596

.0382

.0235

.0139

.0079

.0043

.0023

.0011

.0006

I
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TABLE I.—Continued. STAGNATION-LINE FLOW SOLUTIONS

COhDWPITEE FOR AERONAUTICS

FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

o
.2
.4

:;

LO
L2
1.4

::

20
22
24
26
28

3.0
3.2

?:
3.8

4.0
4.2

::
48

5.0
5.2
5.4

::

6.0

f

0.0000
.0302
.1124
.2348
.3869

.5599

.7468

i %
L 3444

1.5472
L 7499
L 9520
21536
23547

; ;:;;

29560
3.1562
3.3562

3.5563
3.7563
3.9563
4.1563
.L 3563

4.5563
4.7563
4.9563
6.1563
6.3563

5.5563

0.0000
.2912
.5208
.6944
.8195

.9049

.9593

i ;%!
L 0134

L 0141
L 0127
1.0093
L 0066
L 0043

: (););

L 0009
L 000S
L 0002

L 0001
L 0000
L 0000
L 0000
L 0000

L 0000
L 0000
L 0000
L 0000
L 0000

L 0000

L 6149
L 2987
L $!;$

.5188

.3423

.2089

.1143

.0520

.0146

–. 0050
–. 0131
–. 0145
–, 0126
–. 0097

–. 0068
–. 0044
–. 0027
–. 0016
–. 0009

–. 0005
–. 0002
–. 0001
–. 0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

0

a 0000
.1218

.3610

.4738

.5781

.6714

.7518

.8184

.8714

.9120

.9418

.9629

. 9V71

.9864

.9922

.9967

.9977

.9988

.9994

.9997

i %%
1.0000
L 0000

L 0000
L 0000
L 0000
L 0000
L 0000

L 0000

CL6094
.6082
.6000
.5799
.5452

.4961

.4354

.3678

.2986

.2329

.1744

. ;%

.0575

.0366

.0224

.0132

.0075

.0041

.0021

.0011

.0005

.0002

.0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

f

0.0000
.0344
.1272
.2639
.4315

.6195
8197

i 0261
L 2349
L 4435

L 6509
L 8S67
20608
22636
24654

26664
28671
3.0674
3.2676
3.4676

% 6677
3.8677
4.0676

:=l.O; ~=2.o
tNO

fl

a 0000
.3309
.5862
.7704
.8969

i 1%%
L 0405
L 0449
L 0407

1.0329
1.0245
L 0170
L 0112
1.0069

L 0041
L 0023
L 0012
L 0006
L 0002

L 0000
.9999
.9999

f,,

L 8632
L 4583
1.0910
.7698
.5051

,.3000
.1520
.0538

–. 0044
–. 0331

–. 0425
–. 0406
–, 0335
–. 0251
–. 0174

–. 0114
–. 0070
–. 0041
-.0023
-.0012

-.0007
-.0004
-.0002

0

(1 0000

: M?
::;;;
.5951
.6888
.7684

: E:

.9221

.9494

: :1#

.9937

.9966

.9982

.9991

.9996

.9998

i %%:

e’

O. 6313

: ::!%:

:6669

.5016

: {:

:2204

.1617

: ;;%

: %::

.0180

: %:;
.0031
.0016

.0008

.0004

.0002
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TABLE I.—Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

~=l:o; ~=2.2
tN~

v ~

1

f’ f“ o o’

0 0.0000 0.0000 1.9684
.2

0.0000 0. 64_13
.0365 .3500 L 5343 .1282 .6397

.4 .1344 .6158 1.1317 .2553 .6295

.6 .2778 .8062 .7819 .3790 . 60M

.8 .4526 .9328 .4962 .4959 .5621

1.0 L 0092 .2781 .6027 .5037
L 2 : E;; L 0483 .1239 .6966
1.4

.4336
1.0653 1.0623 .0249 .7757

1.6
.3578

1.2778 1.0611 –. 0305
1.8

.8398 .2831
1.4892 1.0522 –. 0546 .8894 .2146

2.0 1. 698S 1.0406 –. 0588
2,2

.9263 .1661
1.9055 L 0294

2.4
–. 0522

2.1104
.9526 .1088

1.0200 –. 0412
2.6

.9706 .0728
2.3137 1.0129 –. 0299

!28
-9824 .0468

2.5167 1.0079 –. 0203 .9898 .0289

3.0 2.7170 1.0046 –. 0129 .9943
3.2

.0171
; :;;; 1.0026 –. 0078 .9970

3,4
.0098

1.0014 –. 0045
3.6

.9984
3:3183

.0053
L 0907 –. 0025

3.8 3.5184
.9992 .0028

1.0003 –. 0013 .9996 .0014

4.0 3.7184 1.0002 –. 0006 .9998
4.2

.0007
3.9184 1.0001 –. 0003

44 4.1184
.9999 .0003

1.0000 –. 0001
46 4.3184

L 0000 .0001
1.0000 –. 0001 L 0000

4.8 4. 51&4
.0001

1.0000 .0000 1.0000 .0000

5.0 & 7184 1.0000 1.0000 .0000
5.2 4.9184 1.0000 : %:: L OQoo
5.4

.0000
5.1184 1.0000 .0000 1.0000

5.6
.0000

5.3184 1.0000 .0000 L 0000
5.8

.0000
5.6184 1.0000 .0000 L 0000 .0000

6.0 5.7184 1.0000 .0000 L 0000 .0000

o

.2

.6

.8

L o
1.2
1.4
1.6
1.8

20
22
2.4
2L6
28

%0

::
3.6
3. s

:;
4.4

2;

5.0
5.2
5.4
5.6
5.8

6.0

f

0.0000
. &

. g2:

.7507

.9781
L 2063
1.4314
1. 6s16

1.8667
2.0773
2.2843
24888
2.6914

2.8930
3.0938
3.2943
3.4945
3.6946

3.8947
4.0947
42947
44947
46947

48947
h 0947
5.2947
5.4947
5.6947

5.8947

Y

0.0000
.4222
.7304
.9380

L 0628

1.1249
L 1435
1.1353
L 1137
L- 0879

1.0636
1.0433
1.0279
1.0172
L 0101

L 0059
1.0030
1.0016
1.0008
1.0004

L 0001
1.0001
L 0000
1. OQoo
L 0000

1.0000
L 0000
L 0000
10000
1.0000

1.0000

fr,

2.4086
L 81?8
1.2760
.8149
.4508

: M:
–. 0836
–. 1246
—. 1288

–. 1129
–. 0889
–. 0645
–. 0438
–. 0280

–. 0170
–. 0980
–. 0054
–. 0028
–. 0014

–. 0007
–. 0003
–. 0001
–. 0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

e

0.0000
.1353
.2692
.3988
.5201

:%%
.8003
.8611
.9068

.9397

:%%
.9869
.9926

.9960

.9979

.9990

.9995
,9998

.9999

1: %::
L 0000
1.0000

1.0000
L 0000
L 0000
L 0000
1.0000

1.0000

o’

0.6770
.6750
.6619
.6306
.5789

.6093
-4285
.3444
.2645
.1043

.1367

.0921

.0596

.0370

.0220

: :%:
.0037
.0019
.0009

.0004

.0002

.0001

.0000

. OQoo

.0000

.0000

.0000

.0000

.0000

.0000
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TABLE I.—Ccmtiiued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

$=l.O; $0=40

~ f
y ,,

f e e’

o 0.0000 0.0000 2.9230 0.0000 0.7143
.2 .0532 .5053 2.1371 .’1427 .7117
.4 .1921 .8697 L 4243 .2337 .6953

.3884 L 0830
.: ‘. 6184

.8312 .4193 .6566
L 2016 .3790 .5448 .5940

LO .8640 1.2440 .0684 .6556 -5122
L2 1.1128 1..2372 –. 1170 .7490 .4203
L4 L 3572 1.2037 –. 2038 .8238 .3283

1.5936 1.1601 –. 2224
:;

.8808 .2444
L 8213 L 1173 –. 2010 .9224 .1737

2.0 2.0410 L 0808 –. 1617 .9513
2.2 2.2542 L 0S28 –. 1193 .9706 : A%!
24 24627 L 0328 –. 0820 .9828 .0479
26 26678 L 0194 –. 0531 .9904 .0287
28 28707 1.0110 –. 0325 .9948 .0165

3.0 3.0724 1.0069 –. 0189 .9973 .0091
3.2 3.2733 L 0031 –. 0104 .9986 .0048’
3_4 3.4737 L 0015 –. 0056 .9993 -0025
3.6 3.6739 1.0007 –. 0028 -9997 .0012
3.8 3.8740 _ 1.0003 –. 0014 .9999 .0006

40741 1.0001 –. 0006 .0003
t: 42741 1.0001 –. 0002 i %% . 0001

44741 1.0000 –. 0001 L 0000 .0000
2$ 46741 L 0000 –. 0001 L 0000 .0000
48 L 8741 L 0000 .0000 L 0000 .0000

5.0 5.0741 1.0000 .0000 L 0000 .0000
5.2 6.2741 1.0000 .0000 L 0000 .0000
;: 5.4741 L 0000 .0000 L 0000 .0000

5.6741 L 0000 .0000 L 0000 .0000
i8 5.8741 1.0000 .0000 L 0000 .0000

6.0 6.0741 1.0000 .0000 1.0000 .0000

:=1.0; $=6.0

0
.2
.4

.;

i: !
L4
L6
L8

20
2.2
24
26
28

Xo
X2
3.4
3.6
3.8

40

f

0.0000
.0695
.2472
.4917
.7694

L 0563
1.3371
1.6042
1.8664
20919

23163
25318
27412
2.9466
3.1496

3.3511
3.5519
3.7623
3.9525
41526

43527

f’

0.0000

1: :%
1.3296
L 4276

L 4283
1.3735
1.2959
1.2173
1.1497

L 0974
L 0601
L 0354
1.0199
1.0107

1.0055
1.0028
1.0013
1.0006
1.0003

1.0001

f/,

3.8711
26962
L 6505
.8114
. 2qj8

–. 1669
–. 3537
–. 4042
–. 3719
–. 3012

–. 2224
–. 1524
–. 0979
–. 0694
–. 0342

–. 0188
–. 0098
–. 0050
–. 0025
–. 0014

–. 0001

0

0.0000
.1646

: %;;
.5829

:%$
.8666
.9073
.9426

.9666

: %%
.9941
.9969

.9986

.9992

.9996

.9998

.9990

.9999
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TABLE I.—Continued. STAGNATION-LINE FLOTV SOLUTIONS FOR YAWED INFINITE CYLINDER ~TH PRANDTL
NUMBER OF 1

o
.2
.4
,6
.8

L o
L 2
1.4
1.6
1, 8

2,0
2.2

2:
2, 8

3.0
3,2
3.4
3, 6
3.8

4.0
4.2
4.4
4.6
48

:;
5.4
5.6
5.8

6,0

0.0000
.0734
.2602
.5155
.8038

1.0993
1.3866
1.6580
1.9118
2.1496 ‘

2.3747
z 5904
2.7997
3. 00s0
3.2079

3.4094
3.6101
3. 810s
4.0106
4.2107

4.4107
4.6107
4.8107
5.0107
5.2107

5.4107
5.6107
6.8107
6.0107
6.2107

6.4106

0.0000
.6904

L 1390
1.3843
1.4761

1.4661
1.3999
1.3125
1.2266
1.1542

1.0991
1.0604
L 0351
1.0194
1.0103

L 0052
1.0025
1.0012
L 0005
L 0002

L 0001
L 0000
1.0000
1.0000
1.0000

1.0000
L 0000
1.0000
L 0000
L 0000

1.0000

40951
28234
L 6963
.7992
.1635

–. 2239
–. 4073
–. 4468
–. 4016
–. 3195

–. 2323
–. 1569
–. 0995
–. 0596
–. 0339

–. 0183
–. 0095
–. 0047
–. 0022
–. 0010

–. 0005
–. 0002
–. 0001

.0000

.0000

.0000

.0000

.0000

. :?0

. ooocl-

0

0.0000
.1572
.3118
.4685
.5908

.7035

.7941

.8629

.9123

.9461

.9681

.9819

.9901

: %

.9987

.9994

.9997

.9999

.9999

1.0000
L 0000
1.0000
1.0000
L 0000

1.0000
L 0000
1.0000
L 0000
1.0000

L 0000

O. 7871
.7832
.7586
.7026
.6160

.5092

.3971

.2928

.2048

.1364

.0868

.0528

.0308

.0173

.0093

.0048

.0024

.0011

.0005

.0002

.0001

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

.0000

$=l.O; ~=11.o ,
~N~

7- f f’ f, e 0’

0 0.0000 0.0000 & 9629 0.0000 0.8808
1047 9767 3.8229 .1758 .8744

.2 :3634 1:5496 1.9846

.6
.3476 .8360

7030 L 8006 .6093 .5072 .7521
.8 i 0687 L 8268 –. 2673 .6458 -6300

1.0 L 4251 1.7230 –. 7058 .7580
L 2

.4908
1.7644 1.5659

1.4
–. 8231 .8425 .3569

z 0514 L 4065 –. 7489 .9022 .2437
23187 1.2718 –. 5914 .9418 .1573

:; 25623 1.1706 –. 4223 .9668 .0956

2.0 2.7890 L 1011 –. 2784 .9818
2.2

.0565
3.0045 1.0567 –. 1716 .9905

24
.0317

3.2129 L 0302 :: ;;) .9952
26 3.4173 1.0151 9977
2.8 3.6194

:1%
L 0071 –. 0282 :9990 .0042

3.0 3.8204 1.0029 –. 0135 .9996
3.2

.0017
40207 1.0009 –. 0051 .9999 .0000
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TABLE’ I.—Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

$=1.5; ~=1.2fN~

v f f’ f, o e’

o 0.0000 0.0000 1.6641
9

0.0000 0.6109
.- .0309 .2975 1.3149 .1221 .6096
.4 .1146 .5282 .9987 .2434 .6012

2383 .6999 .7266 .3618 .5807
‘:: : 3912 .8221 .5035 . 474Z .5465

1.0 .5645 .9045 .3294 .5990 .4959
1.2 .7511 .9568 .2005 .6723 .4349

9873 .1105 .7525 .3671
:: ; 1: ?:% 1:0031 .0519 .8190 .2978
L 8 1.3464 1.0096 .0169 .8719 .2322

2.0 1.-5485 1.0109 –. 0016 .9123
22

1738
1.7506 L 0097 –. 0095 .9420 :1260

24 1.9523 L 0075 –. 0113 .9630
2.6

.0863
21536 1.0053 –. 0101 .9772

2.8
.0572

23545 1.0035 –. 0078 .9864 .0365

25551 L 0022 –. 0055 .9922 : :22J
t: 27554 1.0013 –. 0036 .9957
3.4 29556 1.0007 –. 0022 .9977
3.6 3.1557

.0074
L 0004

3.8
–. 0013 .9988 .0040

3.3558 L 0002 –. 0007 .9994 .0021

40 3.5556 1.0001 –. 0003 .9997 .0011
4.2 3. 75s8 L 0000
4.4

–. 0002 .9999 .0005
3.9558 1.0000 –. 0001 0002

4.6 4.1558 L 0000 .0000
4.8

1: ::% : 0001
& 3558 1.0000 .0000 L 0000 .0000

& 5558 1.0000 .0000 L OOQO
?:

.0000
: ‘7;7: L 0000 .0000

5.4
1.0000 .0000

L 0000 .0000
6.6

1.0000 .0000
6.1558 1.0000 .0000

5.8
~ ;300; .0000

5.3558 1.0000 . .0000 . .0000

6.0 5.5558 1.0000 .0000 1.0000 .0000

%=1.5; ~=1.6
tMO

T f f/ f’ o e’

o 0.0000 0.0000 L 9024 0.0000 0.6307
.2 .0367 .3514 1.5280 .1278 .6381
.4 .1347 .6144 1.1117 .2546

.2774 : go; .7600 .3780 : %$;:
:: . 4607 .4798 .4946 , 6607

1.0 .6434 2701
1.2- 1: :% : 1241 : :E: ::%
1.4 1:%: 1.0502 .0313 .7741
1.6 1.2663 1.0506 –. 0206 .8382 : %
1.8 1.4758 1.0438 –. 0437 .8880 .2158

2.0 1.6836 1.0343 –. 0486
2.2 _ 1.8896 1.2498 –. 0438 : %% : :!;:
2.4 2.0937 1, 0171 –. 0349 . m;
2.6 2.2965 1.0111 –. 0264 : l%:’
2.8 2.4983 1.0068 –. 0173 .9896 :0206

2.6994 1.0040 –. 0111 .9042 ; ;;3;
:! 29000 L 0022 –, 0067 .9969
3.4 3.1003 1.0012 –. 0039 .9984 .0055
3.6 3.3005 1.0006 –. 0021 .9992 .0020
3.8 3.5006 L 0003 –. 0011 .0996 .0015

3.7006 1.0002 –. 0006 . :::; .0007
:; % 9006 1.0001 –. 0002 .0003
4.4 41007 1.0000 –. 0001 i 0000 .0001
4.6 43007 1.0000 .0000 1.0000 .0001
48 45007 L 0000 .0000 1.0000 .0000

‘L 7007 L 0000 .0000
;;

1.0000
49007 L 0000 .0000 1.0000 :::8:

5.4 5.1007 1.0000 1.0000
5.6 5.3007 L 0000 : $!:: L 0000 :8::8
5.8 5.6007 1.0000 .0000 1.0000 .0000

&o 5.7007 1.0000 .0000 L Oom .0000



COMPRE881BIJ3 IAMINAR BOUNDARY IAYI!IR OVER A YAWED INFRWTE CYLINDER 1057

TABLE I.—Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YA~D INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

o

::
.(3
.8

1.0
1, 2
1.4
1.6
1.8

2, 0
2.2

;:
2,8

3, 0

2:
3.6
3.8

4.0
4.2
4.4
4.6
4.8

6.0

:2
5.6
6.8

6.0

0.0000
.0448
.1624
.3306
.5306

: %
1.1187
1.4214
1.6397

1.8534
20630
2.2694
z 4734
2.6759

2.8773
3.0780
3.2784
3.4786
3.6787

3.8788
4.0788
k 2788
44788
k 6788

4.8788
5.0788
6.2788
b. 4788
5.6788

5.8788

f’

0.0000
.4261
.7316

i %RI

1.1129
1. 13(L4
L 1230
1.1033
1.0797

1.0575
1.0392
1.0253
1.0166
1.0092

1.0051
1.0028
1.0014
1.0007
1.0003

1.0001
1.0001
1.0000
1.0000
1.0000

1.0000
1.0000
L 0000
1.0000
1.0000

1.0000

y!

2.4534
1.8168
1.2532
.7880
.4301

.1762

.0134
–. 0766
–. 1138
–. 1172

–. 1024
–. 0805
–. 0584
–. 0397
–. 0254

–. 0164
–. 0089
–. 0049
–. 0026
–. 0013

–. 0006
–. 0002
–. 0001
–. 0001

‘. 0000

.0000

:%%
.0000
.0000

.0000

e

0.0000
.1351
.2688
.3982
.5193

.6281

.7219

.7992

.8600

.9059

.9389

.9618

.9770

.9866

.9925

.9959

.9979

.9989

.9995

.9998

.9999
1.0000
1.0000
1.0000
1.0000

1.0000
L 0000
1.0000
1.0000
L 0000

1.-0000

8’

0.6761
.6740
.6609
.6295
.5778

.5085

.4282

.3446

.2651

.1952

.1377

.0931

.0603
; ());;

.0129

.0071

.0038

.0019

.0009

.0004

.0002

.0001

.0000

.0000

.0000
:%%
.0000
.0000

.0000

$=1.5; A=3.1)
ho

o
.2
.4

.:

1.0
1.2
1.4

i: :

2.0

22
2.6
2.8

3.0
3.2
3.4
3.6
3.8

40
42

2:
48

6.0
5.2
5.4
5.6
5.8

“6.0

f

0.0000
.0547
.1961
.3943
.6249

i !%
L 3598
1.5946
1.8208

2.0393
22517
2.4696
26644
2.8671

3.0687
3.2695
3.4699
3.6701
3.8702

40703
4.2703
44703
46703
48703

5.0703
5.2703
5.4703
6.6703
5.8703

6.0704

—.

f)

0.0000

: :+::
1.0893
1.2012

1.2385
1.2289
1.1947
1.1520
1.1107

1.0760
1.0414
1.0306
L 0181
1.0102

1.0055
1.0029
1.0014
: :3;

L 0001
1.0001
1.0001
1.0000
1.0000

L 0000
1.0000
1.0000
L 0000
1.0000

1.0000

f“

3.0259
21607
1.4056
. ;;g

.0481
–. 1253
–. 2028
–. 2159
–. 1924

–. 1534
–. 1125
–. 0770
–. 0496
–. 0303

–. 0176
–. 0097
–. 0051
–. 0026
–. 0012

–. 0006
–. 0002
–. 0001

.0000

.0000

.0000

:%%
.0000
.0000

.0000

0

0.0000

: %
.4203
.5458

.6566

. ‘IL&

. ~s;

.9514

.9706

.9829

.9904

.9948

.9973

.9986

.9993

.9997

.9999

1: %%
1.0000
1.0000

L 0000

1.0000
L 0000
L 0000
1.0000
1.0000

1.0000

——

e’

a 7163
.7136
.6968
.6573
.5939

.5115

.4193

.3273

.2435

.1731

.1176

.0769

.0478

.0287

.0165

.0091

: :;:
.0012
.0006

.0003

.0001

.0000

.0000

.0000

.0000

::::
.0000
.0000

.0000

3.”



1058 REPORT 137&NATIONAL ADW180RY COMMITTE E FOR AERONAUTICS

TABLE I.—Oontinued. STAGNA!I!IC)I%LINE l?LOW’ sOLIJTIONS F(JR YAWED INFINI!l?El CYLINDER WITH pRANI)TL

N~ER OF 1

;=2.0; ~= 1.0tNO

T f f’ r’ 0 e’

o 0.0000 0.0000 L 7638 0.0000 0.6154
.2 .0321 .3084 L 3526 .1230 .6140
.4 . 118s .6439 L 0114 .2451 .6053

.2455 .7166 .7232
.:

.3643 .5840
.4016 .8370 .4915 -4777 .5476

5776 .9167 .3142 .5824
;: $! :7663

.4967
.9659 .1867 .6757 .4343

1.4 .9936 .0979
L6

.7556 .3664
i %2 L 0073 .0422 .8217 .2964

1.8 1.3648 L 0122 .0101 .8741 . .2294

20 L 5673 L 0123 –. 0061 .9140 .1711
22 1.7696 1.0104 –. 0123

L 9714
.9432 .1226

L 0078
$:

–. 0130 .9637 .0843
2.1728 1.0053 –. 0111 .9776 .0557

28 23736 1. OQ34 –. 0085 .9866 .0354

25741 L 0020 –. 0059 .9922
:; 27744

.0216
1.0010 –. 0040 .9955

3.4
.0126

29746 1.0003 –. 0026 .9974 .0071
3.6 3.1746 .9999 –. 0016 .9985 .0038 .

.—

f r fl, o’e

o
.2
.4

.:

0.0000
.0493
.1775
.3584
.5708

0.0000
.4676
.7925

i :!%

2.7262
1.9638
1.3058
.7777
.3846

.1168
–. 0453
–. 1265
–. 1520
–. 1439

0.0000

: ;%:
.4076
.5305

.6401

:%:
.8690
.9130

.0443

.0656

: w?;
. m34

::%
.9991
.9995
.9997

.9998

. 9999

–.
...

1.0
L2
1.4
1.6
1.8

;;
2.4
2.6
28

3.0
3.2
;;

3.8

40
42

.7991
1.0323
L 2641
L 4909
1.7118

1.9270
Z 1374
2.3442
2.5483
2.7509

2.9523
3.1531
3.3535
3.5537
3.7538

3.9538
4.1539

1.1609
L 1665
L 1481
1.1196
1.0896

‘1. 0631
L 0420
1.0267
1.0161
1.0093

1.0052
1.0028
1.0014
1.0007
L 0003

1.0002
1.0001

–. 1196
–. 0906
–. 0639
–. 0423
–. 0265

–. 0158
–. 0090
–. 0049
–. 0025
–. 0013

–. 0007
–. 0004

TABLE I.—Concluded. STAGNATION-LINE FLOW SOLUTIONS
FOR YAWED INFINITE CYLINDER WITH PRANDTL
NUMBER OF 1

~=2.O; ~=6.O
tNo

f f’ f“ o

0.0000

: U:
.“4996
.6370

0;

0.8666
.8605

.,%%

.6270

.4933

.3633

.2519

.1663

.1032

: l%:
.0192
.0101
.0060

.0023

.0007

o
.2
.4

.:

1.0
1.2

::
L8

20
22
24
26
28

3.0
3.2

0. 00Q0
.1025
.3527

i %E

1.3681
1.6845
I. 9721
22332
24732

26980
29124
3.1205
3.3247
3.5268

3.7278
3.9282

0.0000
.9600

1.4913
1.7214
1.7438

5.9032
3.6649
L 8409
.5479

–. 2461

L 6502
L 5100
1.3682
L 2480
1.1572

–. 6321
-. 732s
–. 6667
–. 5290
–. 3809

.7492

.8346

.8957

.9370

.9636

1.0943
L 0536
L 0289
10148
L 0071

–. 2637
–. 1583
–. 0931
–. 0519
–. 0275

.9797

.9891

.9944

.9973

.9987

L 0031
L 0011

–. 0140
–. 0071

.9995

.9998
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TABLE 11.-STAGNATION-LINE SOLUTIONS FOR YAWED INFINITE CYLINDER ‘!VITH PRANDTL NUMBER OF 0.7

0 0:ml o. m: O. 6071 0.0000 0.4970 0.0000 0.4362
.2 6989
.4

.0994 .4966 . :;;: .4360
.0481 :2386 :5762 .1986 .4938

1072
. 434a

.3506 .6418 .2966 .4864
::

:2608 .4297
:1878 .4547 .4987 .3926 . 4724 .3459 .4210

1.0 .2884 .4596 .4496 .4850 .4506 .4288 .4073
1.2 .4070 .6343 .3970 .5723 .4204 .5085 .3330
1.4 .5415 .7084 .3433 .6527 . &325 .6837 .3632
1.6 .6897 .7717 .2906 .7249 .3382 .6634
1.8 .8495 .8247 .2406 .7877 .2900 .7167 :%:

2,0 1.0189 .8682 .1946 .3408 .2407 .7729 .2626
2.2 1.1962 .9029 .1638 .88.41 .1929 .8217 .2249
2.4 1.3796 .9301 .1186 .9182 .1491 .8629 .1378
2.6 1.6678 .9607 .0892 .9441 . ]110 .8969 .1628
2,8 1.7596 .9661 .0654 .9631 .0796 .9242 .1210

3,0 1.9639 .9772 .0467 .9764 .0649 .9456 .0933
3.2 2.1602 .9851 .0324 .9354 .0364 .9619 . (J70()
3.4 2.3478 .9905 .0219 .9913 .0232 .9739 .0611
3.6 2.6463 .9940 .0144 .9950 .0143 .9826 .0363
3,8 2.7463 .9964 .0092 .9972 .0084 . f1887 .0251

.

4.0 2.9448 .9979 .0068 .9985 .0048 .9628 .0168
4.2 3.1444 . 99S8 .0036 . 99!22 .0026 .9955 .0110
4.4 3.3443 .9993 .0021 .9996 .0014 . flgi’a . ol)713
4.6 3.6441 .9996 .0012 .9998 .0007 .9984 .0043
4.8 3.7441 .9998 .0007 . flgflg .0003 .9991 .0026

6.0 3.9441 , 9999 .0004 1.0000 .0001 .9996 .0016
6.2 4.1440 0002 1.0000
6.4 4, 3440 1:%% :0001 L 0000

9997 .0009
: :::; :9999 .0005

6.6 4.6440 1.0000 .0000 1.0000 .0000 .9999 .0003
6.8 4.7440 1.0000 .0000 1.0000 .0000 1.0000 .0001

6.0 4.9440 1.0000 .0000 1.0000 .0000 1.0000 .0001

..

~=O; 4=1.6tN~

v ~ f’ j/t u 9’ 0 e’

o 0.0000 0.0000 0.6870 0.0000 0. 612g l). 0000 0.4226
. . 0137 .1366 .6744 .1026 .5124 .0357 -4343
,: .0643 .2683 .6403 .2048 .6091 .4438
.6 .1205 .3916 .5901. .3058 .6005 :;% .4495
.8 .2102 .5036 .5290 .4045 .4344 .3529 .4483

1.0 .3211 .6028 .4620 .4990 .4695
1.2

4419 .4399
.4604 .6833 .3933 .6877 .4255 .5282 .4314

1.4 .5955 .7602 .3266 .6687 .3834 .6098 . agao
1.6 .7536 .8192 .2645 .7406 .3350 . 684g .3659
1.8 .9224 .8666 .2091 .8025 .2834 .7618 .3121

2.0 1.0995 ..9034 .1613 .3540 .2316 . 80g5 .2647
22 1.2832 .9316 .1215 .8953 .1826 .8576 .2170
2.4 1.4717 .9626 .0894 . 92?73 .1385 . 8g64 .1718
26 1.6638 .9677 .0642 .9511 .9267
2.8 1.8586 .9786 .0450 .9683 : % .9494 : l%

3.0 2.0550 .9861 .0308 .9801 .0481 .9660 . of398
3.2 2.2627 .9911 .0206 .9879 .0313
3.4 2.4613 .9946 .0134 .9930 .0196 : ;Z: : &
3.6 2.6605 .9967 .0085 .9960 .0117 .9911 .0214
3.8 2.8499 .9980 .0053 .9978 . 00(38 .9946 .0137

/
40 3.0496 .9989 .0032 .9989 .0038 .9968 .0086
42 3.2495 .9994 .0019 .9994 .0020 .9981 .0062
4.4 3. 4#94 .9996 .0011 . ggg7 .0010 . 9g8g -0031
46 3.6493 .9998 .0006 . 999!3 .0006 . gggh .0018
4.8 3.8493 .9999 .0003 .9999 .0002 . ggg7 .0010

6.0 4.0493 .9999 .0002 1.0000 .0001 .9998 .0006
5.2 L 2493 1.0000 .0001 1.0000 .0003
5.4 4.4493 1.0000 .0000 1.0000 : %:: 1: ::% .0002
6.6 k 6493 1.0000 .0000 1.0000 .0000 L 0000 .0001
S. 8 4.8493 1. moo .0000 1.0000 .0000 1.0000 .0000

6.0 6.0493 1.0000 .0000 1.0000 .0000 L 0000 .0000”
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TABLE 11.—Continued. STAGNATION-LINE SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL NUMBER OF 0.7

~=o; .Q3.O
tN~

~lflf’]f’lfflg’lele’

1=* *E0.0000 0.0000 0.8617 0.0000 0.5444 0.0000 0.4262

I
.3905 .7129 .4768 .5264 .4756 .4701 .4806

;:$ . 5419 .7978 .3733 .6174 .4334 .5641 .4570
L .8629 . 28J33 . ;;3: -3825 .6519 .4186
1.6 ::$ .9108 .2015 .3262 .7307 .3683
1.8 1.0717 .Q446 .1386 . :8295 .2682 .7987 .3104

;; ;. ::; .9672 .8775 .2124 -.8547 .2503
.9817 : %% .9148 .1618 .8990

2.4 1:6564 .9905 .0332 .9427 9323 : %
2.6 1.8640 .9956 .0183 .9628 : i%: : 9564 .1001
2.8 2. 0s34 .9982 .0093 .9767 .0565 .9730 .0674

3.0 2.2632 .9995 .0042 .9869 .0367 .9840 .0434
3.2 2.4632 1.0001 ,0015 .9917 9909 .0267
3.4 2.6533 1.0002 9953 :%! :
3.6 2.8633 1.0003 –: ::% :9975

9950
.0079 .9974 : %z

3.8 3.0534 L 00Q2 –. 0003 .9987 .0044 .9987 .0047

4.0 3.2534 1.0001 –. 0003 .9993 .0023 .9904 .0024
4.2 3.4534 1. cool –. 0002 .9997 .0012 .9997 .0011
4.4 3.6534 1.0000 –. 0001 .9998 .0006 .0005
4.6 3.8534 1.0000 –. 0001 .9999 .0003 1: i:% 0002
4.8 4.0634 1.0000 .0000 1.0000 .0001 1.0000 :0001

i

5.0 4.2534 1.0000 .0000 1.0000 .0001 1.0000 .0000
5.2 4.4534 1.0000 .0000 L 0000 0000 1.0000 .0000

4.6534 1.0000 .0000 1.0000 :0000 1.0000 .0000
k6 4.8534 L 0000 . 0000 L 0000 .0000 1.0000 .0000
5.8 5.0534 1.0000 .0000 1.0000 .0000 1.0000 .0000

6.0 5.2534 1.0000 .0000 1.0000 .0000 i 0000 . 00Q0

&=O; $=6.5

7 I f I
fl

I
fl,

I 9 I 9’ I o I 0’

Im-bb%0.0000 0.0000 1.2526 0.”0000 0. 6CL41 O. 0000 0.4682

1.0 .6381 .9339 .4626 .6761 .4996 .5240
1.2 . 7329 1.0082 .2864 .6702 .4401 .6266 :%:
L 4 9393 1.0508 .1467 .7516 .3724 .7188 . 428fI
1.6 1:1517 L 0696 .0468 .8190 .3021 .7074
1.8 1.3661 1.0720 –. 0164 .8726 .2349 , 8607 : %:

2.0 1.5799 1.0649 –. 0497 .9136 .1749 .9089 .2060
2.2 1.7918 1.0535 –. 0616 .9433 0436 , 1434
2.4 20012 1.0412 –. 0599 .9641 : l!%% :9071 .0043
26 2.2083 1.0300 –. 0513 .9781 .0661 .9822 , 0683
2.8 2.4133 1.0208 –. 0403 .9871 .0363 . f)o12 .0330

3.0 2.6168 1.0138 –. 0296 .9927 .0214 .0962 ,0179
3.2 2.8190 1.0088 –. 0206 .9960 .0124 .9988 ; :;::
3.4 3.0204 1.0054 –. 0136 .9979
3.6 3.2212 1.0032 –. 0087 .9989 : %:; 1: ::% .0009
3.8 3.4217 1.0019 –. 0063 .9995 .0019 1.0004 -.0001

4.0 3.6220 L 0010 –. 0031 -9997 .0000 1, 0003 -, 0004
4.2 3.8222 1.0006 –. 0018 . f19Wl .0004 1.0002 -.0004
44 40223 1.0003 –. 0010 .0002 1.0001 -.0003
46 4.2223 1.0001 –. 0006 1: ::% 0001 1.0001 -.0002
48 A 4223 1.0001 –. 0003 1.0000 :0000 1.0000 -.0001

6.0 4.6223 1.0000 –. 0001 1.0000 .0000 1.0000 –. 0001
6.2 4.8223 1.0000 —. 0001 1.0000 0000 1.0000 .0000
6.4 5.0223 1.0000 .0000 1.0000 :0000 1.0000 .0000
5.6 6.2224 1.0000 .0000 1.0000 .0000 1.0000 .0000
5.8 5.4224 1.0000 .0000 1.0000 .0000 1.0000 .0000

6.0 5.6224 1.0000 .0000 1.0000 .0000 1.0000 .0000
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TABLE, II.-Continued. STAGNATION-LINE SOLUTIONS FOR YAWED INFINITE CYLINDER WITH HLANDTL NUMBER OF 0.7

&=o.s; ~=1.o
tNo

o 0.0000 0.0000 0.9362 0.0000 0.5382 0: ;::: 0.4696
.2 .0180 .1770 .8326 5375
.4

.4692
.0694 .3328 .7258 :%1 : 5331 .1875 .4665

.6 .4674 .6207 .3204 .5218 .2802 .4596

.8 : ;:% .5815 .5210 .4229 .5013 .3710 .4468

1.0 .3811 . (3763 .4293 .5202 .4705 .4586 .4275
L 2 .5244 .7638 .3472 .6104 .4299 .6416 .4013
1.4 .6816 .8169 .2756 .6916 .3812 .6186 .3689
1.6 .8499 .8648 .2146 .7626 .3271 .6887 .3314
1.8 1.0268 .9025 .1639 .8223 .2712 .7510 ..2906

2,0 1.2102 .9310 .1226 .8711 .2168 .8049 .2485
2. ‘2 L 3987 .9521 .0899 .9094 .1670 .8504 .2071
2%4 1.6907 .9674 .0646 .9384 . 123!2 .8879 .1680
2.6 1.7863 .9783 .0452 .9696 .0884 .9179 .1326
2.8 1.9818 .9868 .0310 .9742 .0607 .9412 .1019

3.0 2.1796 .9909 .0208 .9842 .0400 .9689 .0761
3,2 2.3780 .9943 .0136 .9906 .0254 .9720 .0663
3.4 2.6772 .9965 .0087 .9946 .0166 .9814 .0391
3.6 2.7766 .9979 .0064 .9970 ..0091 .9879 . 026~
3.8 2.9763 .9988 .0033 .9984 .0051 .9924 .0180

4.0 3.1761 .9993 .0020 .9992 .0028 .9963 .0117
4.2 3.3760 .9996 .0011 .9996 .0014 .9972 .0074
4.4 3.6760 .9998 .0006 .9998 .0007 .9983 .0045
4, 6 3.7769 .9999 .0003 . OQ03 .9991 .0027
48 3.9759 .9999 .0002 1: %%11 .0002 .9996 .0016

6.0 4.1769 L 0000 .0001 1.0000 .0001 .9997 .0009
6.2 43769 1.0000 .0000 -1.0000 .0000 .9999 .0006
5.4 46759 1.0000 .0000 1.0000 .0000
6.6 4.7769 L 0000 .0000 1.0000 .0000 1: :%:

.0003

.0001
6.8 49759 1.0000 .0000 L 0000 .’0000 1.0000 .0001

6.0 6.1769 1.0000 .0000 1.0000 .0000 1.0000 .0000

o 0: cm: 0.0000 1.1824 0.0000 0.6692 0.0000 0.4386
.2 .2201 1.0175
.4

.5683 .0906 .4672
.0858 .4068 .8502 : % .6625 .1866 .4922

.6 .1831 .6606 .6898 .3382 .6479 .2869 .6088

.8 .3080 .6836 .5429 .4454 .5218 .3893 .5125

L o .4547 .7790 .4140 .5461 .4837 .4908 .4999
1.2 .6181 .8606 .3053 .6381 .4346 .6881 .4694
L 4 .7937 .9025 .2173 .7194 .3774 .6775 .4228
1.6 .9730 -. 938a .1490 .7888 .3162 .7564 .3641
1.8 1.1684 .9632 .0981 .8459 .2561 .8227 .2993

2.0 1.3628 .9790 .0618 .8911 .1981 .8761 ,2345
2.2 1.5596 .9887 .0371 .9266 .1479 .9169 .1750
2.4 1.7680 .9944 .0210 .9609 .9467 .1244
2.6 1.9572 .9976 .0111 .9686 : i% .9673 .0841
2.8 2.1569 .9991 .0054 .9807 .048.5 .9810 .0540

&o 2.3668 .9999 .0028 .9886 .0309 .9895 .0329
3.2 2.5568 1.0001 .0007 .9934 .0189 .9946 .0189
3.4 27669 L 0002 .0000 .9964 .0111 .9975 .0102
3.6 2.9669 1.0002 –. 0002 .9981 .0063 .9989 .0051
3.8 3.1669 1.0002 –. 0002 .9990 .0034 .9996 .0023

4.0 3.3570 1.0001 –. 0002 .9995 .0018 .9999 .0009
4.2 3.6570 1.0001 –. 0001 .9998 .0009 1.0000 .0002
44 3.7670 1.0001 –. 0001 .9999 .0004 1.0001 .0000
4.6 3.9670 1.0001 .0000 .0002 1.0001 –. 0001
4.8 4.1670 1.0001 .0000 1: %% .0001 1.0000 –. 0001

6.0 43670 1.0001 0000 1.0000 . 0000 1.0000 –. 0001
6.2 4.6571 1.0001 :0000 1.0000 .0000 -1.0000 .0000
6.4 & 7571 1.0001 .0000 1.0000 .0000 1.0000 .0000
5.6 4.9671 1.0001 .0000 1.0000 .0000 L 0000 .0000
6.8 5.1671 1.0001 .0000 1.0000 .0000 1.0000 .0000

6.0 6.3671 1.0001 .0000 1.0000 .0000 L 0000 .0000

.
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TABLE ~.—continud. STAGNATION-LINE SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL NUMBER OF 0.7

o

1
0: oo~ 0.0000 1.7009 0.0000 0.6252 0: ;:3: 0:::::

.3096 1.3928 .1250 .623
:: 5572 1.0861 .2490 .6150 .1982 .5515

: ;KJ : 7455 .8016 .3701 .5930 .3127 .6898
.: .8803 .5537 .4861 .5550 .4324 .6020

L o .6001 .3605 -5901 .5017 .5513 .5817
L 2 .8000 i%% . 1946 . ;s6; .4362 .6629 .5291
1.4 1.0078 1.0507 .0836 .3641 .7612 .4509
1.6 1.2191 1.0597 0117 :8306 .2914 .8423 .3587
1.8 1.4309 L 0575 –: 0292 .8820 .2336 .9046 .2653

2.0 1.6417 1.0495 –. 0475 .9206 .1

1

.9490 .1811
22 1.8606 1.0394 –. 0511 .9484 .1160 .9781 .1126
2.4 2.0575 1.0295 –. 0465 .9677 9953 .0620
2.6 2.2625 1.0210 –. 0381 .9805 :%% 1:0040 .0281
2.8 2.4660 1.0143 –. 0290 .9886 .0318 1.0074 -0077

{ J
3,0 2.6684 1.0094 –. 0208 .9936 -0190 L 0077 –. Oo29
3.2 2.8699 1.0059 –. 0142 .9965 .0109 1.0066 –. 0072
3. 3.0708 1.0036 –. 0092 -9982 .0060 L 0051 –. 0078
3.6 3.2714
3.8 3.4717

L 0021
1.0012 –. 0035

–. 0058
.9996
.9991

.0016
-0032

L 00 –. 0052
1.0036 –. 0068

L 0! 3.6719 1.0007 —. 0020 .9998 .0008 1.0015 –. 0037
.8720 1.0004 —. 0011 9999 .0004 1.0009 –. 0024

20 1. MJf)2 —. 0006 i 0000 .0002 1.0005 —. 0015
MB 1. 00Qo .0001 1.0003 —. 0009

L2 3:..-
4.4 4.072- ------ .
4.6 4.2721 1.0001 –. oc _- –-... . . . . . ------
4.8 4.4721 1.0001 –. 000211.00001 .000011. 00021–. 0005

5.0 4.6721 1.0000 –. 0001 1.0000 -0000 1.0001 –- 0003
5.2 4.8721 1.0000 -0000 1.0000 .0000 1.0000 –. 0001
5.4 5.0721 1.0000 .0000 1.0000 .0000 L 0000 .–. 0001
5.6 5.2721 1.0000 .0000 1.0000 .0000 1.0000 .0000
5.8 5.4721 L 0000 -0000 1.0000 -0000 1.0000 .0000

6.0 5.6721 1.0000 .0000 1.0000 .’0000 1.0000 .0000

$=0.5; ~=6.5

v f
fl f“ g g’ e o’

0 0: ::): 0.0000 2.8164 0.0000 0.7200 0.0000 0.4717
.2 .4970 2.1505 .1439 .7175 .1048 .5762
.4 .1900 .8615 1.5030 .2860 .7012 .2291

. . . 3884 1.1032 .9307 .4228 .6623 .3670 : ;:;
.: .6244 1..2410 .4683 .6493 .5988 .6121 .7166

1.0 .8796 1.2987 .6610 .6153 .6501 .6660
1.2 1.1403 1.3006 –: :% . 7647 .4210 .7709 . b468

.1.4 L 3977 1.2691 –. 2091 .8294 .3266 .8672 . 414fJ
1.6 1.6469 1.2220 –. 2519 .8869 .2409 .9366 .3320
1.8 1.8863 1.1716 –. 24+9 .9267 .1692 .9813 .1696

2.0 2.1169 1.1257 –. 2110 .9646 .1134 1.0063 .0856
2.2 2.3371 1.0878 –. 1671 .9730 .0726 1.0174 .0302
2.4 2.5516 1.0688 –. 1239 .9846 .0446 1.0190 –. 0013
2.6 2.7612 L 0378 –. 0869 .9914 .0262 1.0180 –. 0168
2.8 2.9672 1.0236 —. 0581 .9954 .0148 1.0143 –. 0198

3.0 3.1709 1.0141 –. 0372 .9977 .0080 1.0104 –. 0183
3.2 3.3731 1.0082 –. 0229 .9988 .0042 1.0071 –. 0140
3.4 3.6743 1.0046 –. 0136 .9994 .0021 L 0046 –. olo~
3.6 3.7760 1.0025 –. 0078 .9997 .0010 1.0028 –. 0072
3.8 3.9764 1.0013 –. 0043 .9999 . 000s 1.0017 –. 0040

40 L 1756 1“ 0007 –. 0023 .0002 1.0009 –. 0028
42 L 3767 1.0004 –. 0012 1: %:: .0001 1.0006 –6 0016
4.4 & 6767 1.0002 –. 0006 1.0000 .0000 L 0003 –. Ofm
4.6 4.7767 1.0001 –. 0003 1.0000 .0000 1.0001 –. 0005
4.8 4.9768 1.0000 –. 0001 1.0000 .0000 L 0001 –. 0002

5.0 5.1768 1.0000 –. 0001 1.0000 .0000 L 0000 –. 0001
5.2 ,5.3768 1.0000 .0000 1.0000 .0000 1.0000 –. 0001
5.4 5.6758 1.0000 .0000 1.0000 .0000 1.0000 .0000
5.6 6.7768 1.0000 .0000 1.0000 .0000 L 0000 .0000
5.8 6.9768 1.0000 .0000 1.0000 .0000 L 0000 .0000

6,0 6.1758 1.0000 .0000 1.0000 .0000 1.0000 .0000
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TABLE II.-Continued. STAGNATION-LINE SOLUTIONS FOR YAWED INFINITE @LINDER WITH PRANDTL NUMBER OF 0.7

Insulated surface; *=1.o, ~=l.o, j==o.8485
tNO

> %itii

00000 00000 1 2326 00000 05705 00000 0.0000

1.0 .4592 .7778

I {1

.3980 .5469 .4835 .571 .9542
1.2 .6220 .8466 .2938 .6388 .4340 .7621 .9333
1.4 .7967 .8968 .2110 .7200 .376 .8218
1, 6 .9798 .9323 , 147 .7892 .3154 1:%% .6424
1.8 1.1689 .9568 , 1000 .8462 .2545 1.1937 .4290

2.0 1.3260 .9732 .0659 .8913 .1976 1.2580 .2172
2.2 1.5578 .9838 .0421 .9257 .1476 1.2826
2.4 1.7563 .9906 ,0260 .9509 .1069 1.2756 –: %%
2.6 1.9538 .9946 .0166 .9686 .0731 1.2470 –. 1788
2.8 2, 1630 .9970 ,0091 .9807 .0486 1.2071 -.2136

3.0 2.3626 .9984 .0061 .9885 .0309 1.1640 –. 2128
3,2 2,6623 .9992 .0028 .9934 .0189 L 1234 –. 1897
3,4 2, 7622 .9996 .0014 .9963 .0111 1.0887 –. 1559
;: : ;:;: .9998 .0007 .9980 .0062 1.0611 –. 1200

, . .9999 .0004 .9990 . 0034 1.0406 –. 0873

4.0 3.3521 1.0000 .0002 .9996 .0018 L 0268 –. 0604
4.2 3.5621 1.0000 .0001 .9998 .0009 1.0159 –. 0400
4.4 3.7521 1.0000 .0000 .9999 .0004 1.0094 –. 0254
4.6 3.9621 1.0000 .0000 .0002 1.0054 –. 0155
4.8 4.1621 1.0000 .0000 1: %:: .0001 1.0030 –. 0091

6.0 4,3521 1.0000 .0000 1.0000 .0000 1.0016 –. 0052
6.2 4.6621 L 0000 0000 1.0000 .0000 1.0008 –. 0028
6,4 4.7621 L 0000 :0000 1.0000 .0000 1.0004 –. 0016
6.6 4.9621 1.0000 .0000 1.0000 .0000 L 0002 –. 0008
5, 8 5.1521 L 0000 .0000 1.0000 .0000 1.0001 –. 0004

& o 5.3621 1.0000 . Oooa 1.0000 .0000 L 0000 –. 0002

Jnsulated surfaae; ~=0.9444; $= 1.6; ~W=0.M18

I I I I I I I

0

1
0.0000 0.0000 1.5724 0.0000 0.6067 0.0000 0.0000

.2 ,0294 .2844 1.2736 .1213 .6055 .0298 .2971

.4 .6107 .9930 .2418 .5976
: H% .6836

1180 .5804
.7429 .3695 .5780

.:
:2591

.3803
.8200

.8103 .5305 .4720 .6440 .4406 .9794

1.0 .6618 .8985 .6762 .4967 .6435 1.0302
1.2 .7377 .9663 :x% .6695 .4368 .8448 .9646
1.4 .9328 1292 .7600 3688 L 0227 .7997
1.6 1.1331 1: :?:: : 0630 .8169 ; 3000 1.1606 .5728
1.8 1.3361 1.0181 .0211 .8702 .2 1.2606 .3290

2.0 L 5400 1.0197 –. 0027 .9111 .1758 1.2938
2.2 1.7438 1.0178 –. 0142 .9412 .1266 L 2975 —: ;:;:
2.4 1.0470 1.0145 –. 0178 .9624 .0375 L 2733 –. 1709
2.6 2.1496 1.0110 –. 0170 .9768 .0681 1.2329 –. 224
2.8 2.3514 1.0078 –. 0142 .9862 .0371 1.1866 –. .2329

1
3.0 2.5627 1.0063 –. 0109 .9921 .0227 1.1416 –. 2126
3.2 2.7536 1.0035 –. 0078 .9956 .0134 1.1024 –. 1773
3.4 2.9642 1.002 –. 0053 .9977 .0076 1.0709 –. 1377
3.6 3.1545 1.0013 –. 0034 .9988 .0041 1.0471 –. 1009
3.8 3.3647 1.0008 –. 0021 .9994 .0021 1.0301 –. 0702

I
40 3.5648 1.0004 –. 0013 .9997 .0011 1.0186 –. 0466
4.2 3.7549 1.0002 –. 0007 .9999 0005 L 0111 –. 0296
4 3.9649 1.0001 –. 0004 :0002 1.0064 –. 0181
4.6 4.1550 1.0001 –. 0002 1: %%: .0001 L 0035 –. 0107
48 4.3650 1.0000 –. 0001 1.0000 .0000 1.0019 –. 0061

5.0 4.6550 1.0000 .0000 L 0000 .0000 1.0010 –. 0033
& 2 4.7560 1.0000 .0000 1.0000 .0000 1.0005 –. 0018
5.4 49550 L 0000 .0000 1.0000 .0000 L 0002 –. 0009
5.6 6.1650 1.0000 .0000 1.0000 .0000 1.0001 –. 0006
5.8 6.3560 L 0000 .0000 L 0000 .0000 1.0000 –. 0002

6.0 5.5650 1.0000 .0000 1.0000 .0000 1.0000 –. 0001
I , 1 I 1 1 1___
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TABLE lL—Conoluded. STAGNATION-LINE SOLUTIONS FOR YA~D INFINITE CYLINDER WITH

v

o

::

.:

1.0

:::
1.6
1.8

2.0

$;

2:8

k;
3.4
3.6
3.8

40
4.2

2:
4.8

5.0
5.2
6.4
& 6
5.8

6.0

Iusulated surface; ~=o.9045; ~=3.O; ~m=O.8567
tN~

mf f’ y, ~

0: :gg 0:000: ~ ;:& 0.0000

7049 1:2622 :%%
.% : 9136 .8375 .3959
.5152 L 0454 .4952 .516 It

9’ 8 e’

0. m: 0: :gmy 0.0000
.3758

:6572 .1488 .7269
.6273 .3235 1.0028

5774 .5411 1.1487

1
.7323 L 1174 .2384 .6257 .5098 .7721 1.1345
.9593 1.1460 .0612 .7199 .4305 .9849 .9710

1.1889 L 1463 –. 0479 .7976 .3473 L 1538 .7070
L 4168 1.1304 –. 1041 .8590 .2676 1.2654 .4087
1.6406 L 1071 –. 1228 .9053 .1971 1.3190 .1365

L 8596 1.0827 —: 1182 .938 .1389 1.3243 –- 0707
2.0738 1.0607 –. 1013 .961 .0937 1.2960 –. 1998
2.2841 1.0425 –. 0801 .9770 .0606 1.2491 –. 2576
2.4911 L 0285 –. 0596 .9867 .0376 L 1964 –. 2620
2.6958 1.0185 –. 0419 .9925 .0224 1.1464 –. 2336

I
2.8987 L 0115 –. 0281 .9960 .0128 1.1038 –. 1901
3.1005 1.0070 –. 0181 .9979 .0070 1.0704 –. 1441
3.3016 1.0041 –. 0112 -9990 -0037 1.045 –. 1029
3.5022 L 0023 –. 0067 .9995 .0019 1.0287 –. 0698
3.7026 1.0013 –. 0039 .9998 -0009 1.0173 –. 0453

I
3.9028 1.0007 –. 0021 .9999 .0004 i. 0101 –. 0281
L 1029 1.0004 –. 0012 .9999 .0002 L 0057 –. 0168
4.3030 1.000 –. 0006 1.0000 .0001 1.0031 –. 0097
4. S030 1.0001 —. 0003 1.0000 .0000 1.0016 —. 0054
4.7030 1.0001 –. 0001 1.0000 .0000 1.0008 –. 0029

k 9030 1.0001 –. 0001 L 0000 .0000 1.0004 –. 0016
5.1030 1.0001 .0000 L 0000 .0000 L 0002 –. 0007
5.3030 1.0001 .0000 1.0000 -0000 L 0001 –. 0004
6.5031 L 0001 -0000 1.0000 0000 1.0000 –. 0002
5.7031 L 0001 .0000 1.0000 :0000 L 0000 –. 0001

6.9031 1.0001 .0000 1.0000 .0000 L 0000 .0000

PRANDTL NUMBER OF 0,7

T

o

2
.6
.8

1.0
1.2
1.4

i::

2.0

2:
2.6
2.8

3.0
3.2

;;

4.0
42

2:
4.8

5.0
5.2
5.4
5.6
5.8

6.0

Instdatsd surface; ~= 0.8838; $.=6.5; tm=O.8627

f f’ f“ g g’ o

r

o’

0.0000 0.0000 3.8392 0.0000 0. 77Q7 0: ;:); 0.0000
.0692 .6541 2.7135 . ;;:; .5270
.2474 1.0934 L 7066 :%: . .2073
.4945 1.3493 .8885 .4549 .6998 .4419 1: !%!
.7778 1.4631 .2863 .5860 .6164 .7154 L 3802

1.0732 1.4776 –. 1068 .5123 .9769 L 1976
1.8649 1.4320 —. 3220 : ;%: .4014 L 182fI .8438
1.6442 1.3576 –. 4032 .8610 .2970 1.3111 . ;::$
1.9076 1.2764 —. 3968 .9112 .2082 L 3623
2.1553 1.2019 –. 3428 .9456 .1386 1.3636 -:1648

2.3893 1.1404 –. 2709 .9679 .0 0 1.3080 –. 2826
2.6124 1.0934 –. 1999 T.064 1.2466 –. 3181
2.8275 1.0597 –. 1393 : :;:! .0310 1.1846 –. 2049
3.0370 1.0367 –. 0924 .9948 .0173 L 1304 -. !2430
3.2428 1.0218 ~. 0587 .9974 .0092 1.0877 -.1840

3.4461 1.0126 –. 0358 .9987 .0047 I. 0664 –. 1304
3.6480 1.0070 –. 0210 .9994 .0023 1.0348 –. 0873
3.8491 1.0038 –. 0119 .9997 .0011 1.0207 –. 0667
L 0496 1.0020 –. 0065 .9999 . OQ05 1.0118 –. 0340
4.2499 1.0010 –. 0035 .9999 .0002 1.0066 -.0190

4.4501 1.0005 –. 0018 1.0000 .0001 1.0036 –. 0112
4.6501 1.0003 –. 0009 L 0000 .0000 .1.0018 –. 0061
4.8602 L 0001 –. 0004 1.0000 .0000 1.0009 –. 0032
5.0502 1.0001 –. 0002 1.0000 . Oooa 1.0004 –. 0016
6.2502 1.0000 –. 0001 1.0000 .0000 1.0002 –. 0008

5.4602 1.0000 .0000 1.0000 .0000 1.0001 –. 0004
6.6602 1.0000 .0000 1.0000 .0000 1.0000 –. 0002
5.8502 1.0000 .0000 1.0000 .0000 L 0000 -.0001
6.0502 1.0000 .0000 1.0000 0000 1.0000 .0000
6.2502 1.0000 .0000 1.0000 :0000 1.0000 .0000

6.4502 1.0000 .0000 1.0000 .0000 1.0000 .0000
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TABLE 111.-SUMMARY OF HEAT-TRANSFER TABLE IIL—Continued. SUMMARY OF HEAT-
TRANSFER AND SRIN-FRICWION PARAM-
ETERS FOR YAWED STAGNATION LINE

AND SKIN-FRICTION PARAMETERS FOR

YAWED STAGNATION LINE

(a) Prandtl number, 1

0:
or
9:

0.5067
. g13:

.5358

.5410

.5603

.5816

.6174

.6264

f:
z

tw
-T f:

O. 6489
.6823
.7475
.8105
.8413
.9607

1.1025
1.8679
1.4313

0.0000 1.0 0.6071 0.4970 0.4362 L 2216 0.4362
1.6 .6870 .5129 .4226 1.3395 . 447{
&o .8617 .5444 .4262 1.5827 .4712
6.5 1.2526 .6041 .4582 2.0734 .5184

1.2807
1.3300
1.4241
1.5127
1.5551
1.7146
1.8960
2.2156
2.2886

0

0.5 1.0 0.9362 0.5382 0.4696 1.7305 0. 469(
1.6 1.1824 .5692 .4386 2.0773 . 493!
3. c11.7009 .6252 .4350 2.7206 . 53X
6.5 2.8164 .7200 .4717 3.9117 . 614f

1.0 1.0 1.2326 0.5705 0.0000 2.1606
.9444 1.6 1.5724 .6067 .0000 2.5917
.9045 3.0 2.2902 .6716 .0000 3.4101
.8838 6.5 3.8392 .7797 .0000 4.9239

0.25 ;. ;

2:2
3.0

0.8673
9850

1:1530
L 3644

0.5344
.5507
.6724
.5976

1.6229
1.7886
2.0143
2.2831.

0.50

0.76

1,00

1.50

2, 00

1.0409
1.2062
;. y;:

2:0785
2,8663

1.2059
1.4153
L 7110
2.0802

0.5530
.5728
.6986
.6280
.6593
.7213

0: $W;

.6212

.6541

1.8823
2.1058
2.4066
2.7613
3.1526
3.9738

2.1175
2.3903
2.7543
3.1802

L o
L 1
1.2
1.5

;:
2.2

;;

1!:

1.2

k:
3.0

1.2326
1.2989
L 3640
L 5536
1.6149
1.8532
1.9684
2.4086
2.9230
3.8711
40951
5.9630

1.6641
1.9924
2.4534
3.0259

1.7368
2.7262
5.9032

0.6704
. ;77:

: E::
.6313
.6413
.6770
.7143
.7742
.7871
.8808

0.6109
. 6333;

.7163

TABLE IV.—LOCAL RECOVERY FACTORS -FOR YAWED
STAGNATION LINE

Looal recovery faotor, &
Yaw

parameter,
*

tNo
Prandtl number

+

0.8 0.9

0.903 0.953
------ ------
------ ------
------ ---.--

L- 1.0 I
1.0 0.8486

.8618
;: .8567
6.5 .8627

1.000
1.000
1.000
1.000

0.6154

:%%

2.8223
3.9334
6.8119

I
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