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NATTIONAL ADVISCORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 3986

COMFRESSIBLE LAMINAR BOUNDARY LAYER OVER A YAWED INFINITE CYLINDER
WITE HEAT TRANSFER AND ARBITRARY PRANDTI, NUMBER!

By E1i Reshotko and Tvan E. Beckwith

SUMMARY

The equations for development of the compressible leminar boundary
layer over e yawed infinite cylinder are presented. For compressible
flow with =& pressure gradient the chordwise and spanwise flows are not
Independent. By use of the Stewartson transformation and a lineax
viscosity-temperature relatlon, & set of three simultaneous ordinsxy
differential equatione is obtained in & form yielding similaxr solutions.
These equations are solved for stegnation-line flow for surface temper-
atures from zero to twice the free-stream stagnation temperaeture and for
a wide range of yaw angle and free-stream Mech number.

The resulbts indicsbte that the effect of yaw on the heat-transfer
coefficient at the stagnation line depends markedly on the free-stream
Mach number. For subsonic Mach numbers the decrease in hesgbt-transfer
coefficient with yaw angle A is &bout -\/cos A, which is the decrease
for incompressible flow. However, for stream Mach numbers greater than
gbout 2, the variation in hest-transfer coefficient with yaw angle is
somewhat less than cos A, except when the normal component of the
stream Mach number is subsonic; then the varistion tends to epproach
-\/cos A. This decrease in heat-traensfer coefficient with yaw angle is
practically independent of wall temperature and Prandtl number for the
velues of these parameters used in the present calculations. The re-
covery factor, defined in terms of the local external temperature, can
be approximeted as the square root of the Premdtl number for the range
of yaw angle, Mach number, and Prandtl number included in the
calculations.

1Mmis report combines the results of two independent investigations,
one et the Lewls Flight Propulsion Iaboratory and the other at the
Langley Aeronautical Leboratory. The principsl results of the investi-
gation gt the Lewis laboratory were presented by the senior suthor be-
fore the 1956 Heat Transfer and Fluid Mechanics Imstitute at Stanford
University on June 22, 1956. A brief written versiom of that talk
appears in the proceedings of the institute (ref. 1).
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An unusual result of the solutions 1s that for large yaw angles and
stream Mach numbers the chordwise velocity within the boundary layer ex-
ceeds the locel external chordwise velocity, even for a highly coocled
wall.

INTRODUCTION

Asg flight speeds are increased, the problem of aerodynamic heating
becomes more serious, and the temperatures of critical areas such ag the
nose of en gircraft or the wing leading edge may exceed the design spec-
ifications. An accurate knowledge of the laminsr-boundary-layer charac-
teristics then becomes desirsble, not only for predicting heat-transfer
rates, but also for the purpose of calculating the stebility of the
boundary-layer flow. The yawed infinite cylinder simulates approximately
the leading edge of a swept-back wing or of a body of high fineness ra-
tilo et angle of gttack and also allows & basglc simplification of the
boundary-layer theory.

Almost simulteneously, Prandtl (ref. 2), Struminsky (ref. 3), Jones
(ref. 4), and Sears (ref. 5) observed that for incompressible flow over
a yawed infinite cylinder the boundary-layer development in the chordwlse
direction (normal to the cylinder axis) 1s independent of the spanwise
flow. For compressible flow, however, this '"independence principle™ does
not apply, because the density 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 which have been ob-
tained for incompressible two-dimensional flow. A number of investiga-
tors have integrated the spanwise momentum equation for the various solu-
tions to this problem. Sears (ref. 5) has cbtained the spanwise solution
corresponding to the series-type solution sbout a cylinder. Wild (ref.
7), by en integral technique, has obtained the spanwise sclution for
Howarth's elliptic cylinder, and Cooke (ref. 8) has tabulated the span-
wise solutions corresponding to Hartree's solutions (ref. 9) to the equa-
tions of Falkner and Skan. Further, Goland (ref. 10) has shown that the
heat-transfer coefficlent of a yawed cylinder varies as the square root
of the Reynolds number based on the normasl component of the stream veloc-
ity. Thus, for a given stream velocity, the heat-transfer coefficient
decreases as the square root of the cosine of the yaw angle. This de-
crease in heat-transfer coefficient is associated with the increase in
boumdary-leyer 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 simulteneously. Solutions to the compressible-flow prob-
lem with zeroc heat transfer and a Prendtl number of 1 have been given by

2eT?
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Crabtree (ref. 11) and Tinkler (ref. 12)}. Both of these solutions are
for flows where the spanwise Mach number st the stagnation line of the
cylinder is 1 or less. Consequently, for high stream Mach numbers tThese
solutiong apply only to cases where the yaw angle is small. From the
observation that for a Prandtl number of 1 the energy equation and the
spanwise momentum equations are similar {ref. 6}, Moore {ref. 13} has
indicated the form that Crebiree's equations take for & noninsulated
surface.

The present report extends the work of Crebiree, Tinkler, and Moore
to the more general case of arbitrsry Pranditl number snd an isothermal
wall at srbitrary temperature in flows where both Mach number and yaw
angle may be large. The boundary-leyer equations are first simplified
by the assumption of & linesr viscosity- ergture relation and by the
application of Stewartson's transformstion (ref. 14). The resulting sys-
tem of partial differential equations is simplified further by assuming
an sxternal chordwise veloclity distribution of the Falkmer-Sksn type in
the transformed coordinate system. The conditions required to reduce
the system to ordinary differential equations are discussed. Numerical
solutions for stagnation-line flow with Prandtl numbers of 1 and 0.7 are
presented. Expressions are given for shear, heat transfer, and the vari-
ation of heat-transfer coefficient with yaw angle.

GENERAL EQUATIONS
Boundsry-Layer Equations

The compressible-boundary-layer equations for s three-dimensional
flow are obtained by application of the Prandtl boundary-layer assump-
tions to the general equations governing the motion of a compressible,
viscous, heast-conducting gas (see, e.g., refs. 6 and 13). One of these
assumptions which may be emphesized for the present gpplication is thatb
the boundary-layer thickness is small compared with the loeal radius of
curvature of the surface. Consequently, the pressure gradient normal to
the surface may be neglected, and the boundary-layer equations sre ex-
pected to be valid in the region of the stagnetion line on a yawed
cylinder.

The boundary-layer equetions for a yawed infinite cylinder are ob-
tained from the three-dimensional howndary-leyer equations by noting
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that all spanwise derivatives are identically zero. The coordinate sys-
tem used is defined by the following sketch:

Shock wave

where the x-coordingte is the distance along the cylinder surface mesas-
ured in the chordwise direction from the leading-edge stagnation line,

y 1s the spanwise coordinate, and 2z 18 the coordinate normal to the

cylinder surface. (All synmbols are defined in appendix A.)

The eguatlons of motion of the steady compressible laminar boundary
layer ovexr & yawed infinite cylinder are therefore:

Contlnuity:

oo o 3

2eT¥
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Momentum:
pu%—:+pW%=- +%<u%§) (22)
ogee3-3(2) o
gﬁ =0 : (2¢)
Energy:

3 3 _ 3 aE\ 3 1 3 [v? 1+ V2
°uat;+°W'a—z=§z(%§z)-$E*(ﬁ-1)35(3—?—)] ()

where H is the total or stagnation enthalpy.
State:
p = pRt (4)
The boundary conditions for equations (1) to (4) are:
At z =0
u=v=w=0 and H=K, or g—fz[=0
At Z2- o
u=1u,, V=1, and H=EH

The viscosity is assumed to be a linear functlion of the temperature
according to the relabion

My
p=x1

tw
where tw 1s a known function of x, and B, may be teken as any de-
sired function of tw, such as the Sutherlend viscosity-temperature

equation. The chordwise velocity outside the boundaery layer setisfies
the following form of Bernoulli's equation:

&
peue%xg=‘?i%='§ (5)

since from equetion (2c) the pressure is constant in the direction nor-
mal to the surface.
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Stewartson's Transformation

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

¥, = &
z2 7~ pg
. 6
- (6)
x"-po

so that the continulty equation (eq. (1)) is eutomatically satisfied.

Stewartson's trensformation (ref. 14) 1s now introduced, and in a
slightly modified form mey be written

X
t
X = (E’_Wt_o)iel%ax (7)
o %/ 20 Po
0
Z

7 = - L 4y (8)
8o A Po

%
The quentity (%’ _t_o) of equation (7) is exactly the qusnbity A of ref-
w

erence 15, The transformed coordinates are now represented by upper-
case letters (X,Z), and the subscript e refers to local conditions at
the outer edge of the boundary leyer (external). The subscript O re-
fers to free-stream stagnation values.

With the assumptions of comstant Prandtl number, constant specific
heat, and an isothermsl surface and by use of the adlabatic energy equa-
tion for the external flow

ag=ag+r——;l(u2+v2) (s)

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

5 5, \[to
Vo¥yz, - Vx¥oz = UelUey (1 * :51%)--1 (1- &%) +(%§-J) e (1- 0) + V¥

(10)

o

70T+

b )
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¥z8x - ¥x& = voEzy (11)

2
v - -
¥z8x - Wby = - Frg & PZ)(T %)) (;:‘) (*;)ZZ + Vz &5z ;rq 87z,

2 W
2 1 - —
o\ T (12)
where
v
g=;; (13)
E - B,
6 = 14
- E, (14)
and
r-1
tg _ 1+ 12 Mi (15)
N, 1+T£ M2 cosZ A

t
The ratlo i combines the effect of both yaw angle and Mach number in

Xy
a single parameter. The physical interpretation of this parameter is
simply the ratio of the total or stagnstion tempersture of the stream to
the stagnation temperature of the normal component of the stream. The
veriation of the parameter with yaw angle for various Msch numbers is

t
shown in figure 1. It is seen that 0 < sec® A and becomes large

0
only for large yaw angles combined with high Mach numbers.

For a Prandtl number of 1, g = @, since equations (11) and (12) axe

similar and since the functiomege g and 6 satisfy the same boundary
conditions.

In terms of the transformed velocities, which are defined
(18)

equations (10) to (12) can be written
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& % t
0 W 0
Uly + WUz = Uglp, l+—-to-l(l-sz)+(?5_l)—tno(l-9) * vo'zz

(17)
Ugy + Vg, = Vg, (18)
o \2
Udg + Wy = 2 {0y - (*2;81) i - f::'r [(i) (V%) + vzggz] (19)

These equations should be useful in formulating integrel methods for
calculation of laminar boundary lsyers over yawed cylinders.
Similar Solutions

To obtain similar solutions, an external flow of the Falkner-Skan
type

= cx® (20)

is agsumed, which together with the transformation

Ue

\
2VoUeX
¥ = f('ﬂ) o+ 1
g = g(n)
6 = o(n) (21)
- 7 m; lg%.x )

yields the system of differential equations

(:—‘; - 1)(1 - 0)| (22a)

% %
£ o4 ope" = plerd -1 - %-0—--1(1-g2)-i
Yo %

g"+ fg' =0 (22p)

7CTH
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p = (23)

The boundary conditions for the system of equations (22) are:

At =0

At § + o (24)

Since u, may in general depend on x, the right member of the

energy equation (eq. (22c)) is not yet functionally consistent with the
left member for arbitrary u, &and Pr. The right member of the equa-

tion must be zeroc or a function of 1 to be coasistent with the left

member. This may be achieved in the following ways: (1) The external
chordwise velocity maey be a constant other than zero, (2) the external
chordwise velocity may be zero, (3) the Prandtl number may equal 1, (4)

2
the factor | Loz Ze may approech the constant t . = cos® A
Z \ag A

corresponding to hypersonic flow, or (5) the ratio of specific heats Tt
may egual 1.

Independence Principle

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

(1) Flat-plate flows (m = B = 0} for all Mach numbers, Prandtl num-
bers, and heat transfers

(2) The conditions %o = by, By = to, which correspond to incom-
pressible flow
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Independence does not exist for compressible flow with pressure gradient,
even for zero heat transfer.

Stagnation-Line Flow
All solutions presented in this report are for stagnation-line flow

where m= f = 1. ©Pwo of the previously described requirements for sim-
ilerity are separately considered in these solutioms. The first require-

ment 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 (22¢) become identical:
t t
e opopet = 212 01 o2 - 1)(1 - 6%) - (— - 1)(1 8) (25a)
y T \F
o}
8" + £8' = 0 (25b)
with the boundary conditions:
At n =
£=f'=6=0 ’
At e (28) x

f'=68=1
For the case of zero yaw, equations (25) reduce to those presented in

reterence 15, while for the insulated surface =1 for Pr=1

t
they reduce to those of Crabtree (ref. 11)}. Y

The second requirement considered 1s that of zero external chord-
wige velocity which allows arbitrary Prandtl number. For this case equa-
tione (22) become:

t
M o4o£p" = £1% 11 - %9;- 1l(z - &2) -—tN—O<—— - )(1- e) (27a)

g"+ fg' =0 (27b)

"

Yo

6" + Prfg’ = (l-Pr)%——;)—

ct] ot

9]

) :

2ET¥

(e?) (27¢) v
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With hest transfer the boundary conditions of equations (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-transfer rate to the wall mey be expressed

% = kw(%ﬁ) (28)

which for stagnation-line flow becomes, with use of expressions (8),
(14), end (21),

Pw 8 ,|C
= = = t. - & 1 g
Sy Po 8 \| Vo kw( 0 w)ew (29)
For the insulated surface, q; = 0; and since with arbitrsry Prandtl num-

ber the surface temperature is generally not equal to the stagnation
temperature, the additionsl boundary condition from equation {29) is

6l =0 {30)

Thus, for the insulated surface with arbitrery Prandtl number, equations
(27) are solved subject to the comditions of equations (24) and %50)
For convenience in computing, the temperature retio 1t_,/%t3 was replaced

by the following expression involving the local recovery factor QW:

o\ |, To

—=—=0|1 +
Ty % W % g

(31)

Values of (., then resulted from the solutions.

Equations (25) and (27) were solved numerically for both insulated
and noninsulated 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 different techniques yielded
numerical results which were in excellent agreement.

PROPERTIES OF SOLUTIONS

In the following sections the solutiomns obtained in this study are
presented and their properties discussed. All solutions are presented
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in tabular form. Table I shows the velues of f, f£', £", 9, and 6'
tabulated against 1 for a Prandtl number of 1. Teble II presents £,
£', £, g, g', 6, and @' against 7 for a Prandtl number of 0.7.
Teble ITI presents a summary of the values of £} (related to wall

shear), g (related to spanwise shear), and 6/ (related to heat trans-
fer) for the cases of tables I and II.Z

Velocity and Enthalpy Profiles

The chordwise and spanwise velocity and enthalpy profiles obbtained
from the tabulated solutions are presented as functions of 1 in fig-
ures 2 snd 3.

The chordwlse velocity ratio can be expressed

uie = £! (32)

from the definitions of ¢, z, end 1. It should be remembered that
for the Pr = 1 solutions the normelized temperature and spanwise ve-
locity profiles are identical. For Pr = 0.7 {fig. 3) the spanwise
veloclity and enthalpy profiles are separately plotted. The distence =z
normel to the surface at a given station x in the physical plene is
relsted to the similarity varisble 17 through reletions (8} and (21)
and mey be expressed

|
20 Pop [YX [ 2 £
z=—=A\g— |57 £ dn (33)
8e Pe e \BT 0
0
where
t u, 2 tNo
t W Y -1lf"e 2 2
—=1+{—-1J(1L-8) - (—) £re -1 - —e® (34)
to (’Go ) 2 \2o to

2Comparison of the results of reference 11 with the solutiom given
here for Pr =1, tW/fo =1, tO/kNO = 1.2 shows that the present val-

ues for f' and @ (correspomding to f] + of) and g + wgy in the

notation of ref. 11) are considersbly larger than the values given in
reference 11 at the same 1. According to private communication with
Dr. Crabtree, the original numerical results of reference 1l were in
error. The corrected results obtained from Dr. Crabtree, also by
private communication, sre in substantial agreement with the present
solution.

2CT¥



4l

NACA TN 3986 13

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

l

The differences in the profiles for different values of the yaw-
angle parsmeter tO/tNO and the well-temperature paremeter t./t, (fig.

2} cen be attributed to the effect of compressibility, since for incom-
pressible flow the chordwise velocity profiles and the temperature pro-
files are independent of the spanwise flow. The chordwise velocity ra-
tios are especially affected by compressibility; for large values of

tO/tNO these ratios are greater than 1 within the boundary leyer, even

for cases where the wall is highly cooled. This same phenomenon has
been observed in solutions of the two-dimenslonal compressible boundaxy
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 thils effect is
that when the wall is hested the density in the ocuter part of the bound-
ary layer is reduced sufficiently so that the loecal flow is accelerated
more than the external flow. The same basic explanstion appears plaus-
ible in the present solutions, except that the additionsl heat required
to reduce the local density 1s genersted by the shear of the spanwise
boundary lsyer, and hence the phenomenon can occur even when the wall
temperature is less than the recovery temperature. The solutions given
by Moore for the campressible-boundary-lsyer equations for a cone at
large asngle of attack (ref. 17) also show similar results; that is, the
circumferential velocity ratios are greater then unity within the bound-
ary layer. Furthermore, this effect becomes larger as the angle of

ebtack of the come is :r've,d.lr::e«j..3 In the present solutions this is anal-
ogous to increasing the yew angle, which also has the effect of increas-
ing the excess of the local velocities over the external velocity. Note
also that this excess chordwise wvelocity is reduced by reducing the wall
temperature, as might be expected from the preceding discussion.

Six solutions were computed with Pr = 0.7; three of these are for
zero heat transfer and give a recovery factor, and three are for a tem-
perature ratio + w/to = 0.5 corresponding to a cooled wall. The veloc-

ity end enthslpy profiles for these solutions are shown in figure 3, end
the numerical values of the functions are given in tebles II and IIT.

3(’The angle of yaw ag defined herein is the complement of the cone
angle of attack.
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For corresponding values of to/tNO end for (t,/tp) = 0.5, the £', g,

and 6 oprofiles are almost the same as those for Pr = 1. For
ty = tgy, the f£' and g profiles are also similar to those for

Pr =1 with ty = tp; however, the 6 profiles for Pr = 0.7 and
ty = tgy (fig. 3(b)) ere considersbly different from the corresponding

profiles for Pr = 1. The fact that 6 > 1 for this case indicates
that the local stagnation enthalpy within the boundary layer exceeds the
stagnation enthalpy outside the boundary layer. This excess of local
stagnation enthelpy over the external value for zero heat transfer (and
also to a lesser extent for a cooled wall) is spperently caused by the
relative Increase in the quantity of heat conducted sway from the wall
into the outer layers of the boundary layer when Pr < 1l. For Pr =1
and zero heat transfer ('tw = 'bozi'bhe relative effects of viscosity and

conductivity are balenced and -ﬁ; = 1 throughout the boundary layer.

These same effects have been previously noted in sclutions of the flat-
plate boundsry layer (e.g., ref. 18).

The domaeins of velocity and temperature overshoot can be ildentified
with the aid of the asymptotic solution to equations (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 asymptotlc expressions for chordwise and spanwise velocity funec-
tions for g Prandtl number of 1 from appendix C are, respectlvely,

. A t tn [t ] Y
Fro1+ 222 -1 O(—w_-l)(q-x)le@[—-(ﬂ—gil—]

1\ ") T g \Bo
+A5(n-1)'3e@[- ﬁﬂ;—"ﬁ] (36)
and
“ Y-
g=l-%(n-1)'lexp[-£3—51)—] (37)

Examination of equation (36)‘ shows that for large 7 the term involving
A; 1is dominant, and thus (f' - 1) will have the same sign as A;. Since

the g function for a Prandtl number of 1 (fig. 2) always approaches its
boundary condition from below, A 1is always positive, and comsequently

the existence of chordwlse velocliy overshoot depends directly on whether

2eT¥
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to t €
the quantity j|2{ — - 2 (¥ 1)} is positive. This quantity is
-bNO tNO tO

positive when ] t,+ 50 > ZtNO. The domain of chordwise velocity over-
shoot is shown in figure 4. It msy be seen that for cold surfaces there
is only a small range of yaw angles in which no overshoot occurs.

For Prandtl numbers other than 1, the behavior of the stagnation-
temperature profile must be considered separately from the spanwise ve-
locity profile. From appendix C the asymptotic varistion of 6 is

§=1+4 —7t(n- x)-lexp[_(ll_)_]
W
“ED)
tNO Ty
A 2{1 - T te - 1 5
-3 0L 10 | (n-n)te |- =) (ag)
2 (tw ) 2
o
Figure 3 indicates that even for a Prandtl number of 0.7 the obtained

spanwise velocity profiles approach the boundary condition from below;
hence Al is positive from equation (37). For Prandtl numbers less

than 1 the dominant texrm in equation (38) is the last one; thus the ex-
istence of temperature overshoot is dependent on whether the quantity

z( -t—I-I(—))+t—w-1

T, is negative. The quantity is negative when the

numerstor is positive with tw/to <1l. Tt must of course be realized

that for tw/to > 1 the stagnation temperstures in the boundary leyer

are always higher than the stream stagnation tempersture. In appendix

C 1t is shown that the chordwise velocity overshoot domsin for a Prandtl
number of 0.7 is the same as for a Prandtl number of 1. Thus for a cold
wall with Pr = 0.7, velocity overshoot and enthalpy overshoot occur
simultaneously. The various regions of overshoot are summarized in

figure 4.
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Skin Friction

The chordwise and spanwise components of shear stress at the wall
are defined, respectively, as

aﬁ) Ue m+ 1 Pw 8
T. = = pufril— —_ = (39)
c I'LW'(BZ w Hitlelvw vOX 2 Po 80

TS My, (%)w = — (40)

These can be represented in dimensionless form by local skin-friction
coefficients;

|
xy
d4
S
o<
>4
)
k)
(@)
©
o

X (41)

N"’T-Zﬂf R @

For the specific case of stagnation-line flow U, = CX the quantity
C is relsted to the physical chordwise velocity gradient as follows:

rl+7"l( )Eﬂ
U, dUg 2 8g dug
C=%X - - 2 (ax) (23)

ey to(ae) Pe
| ko T\ 20/ Do
By use of equation (43), equations (39) and (40) can then be written in

the form of skin-friction coefficients based on free-streem conditions,
which for stagnation-line flow are

1
P, U Ug % du, 2
T -
Co o = c 2" ¥ oo Al 1+ T2 (=) | (—3)
¢ 1 2, vg) W Py 142 a2 8g w \dx
co

(44)

NHA

T
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1
T 2

2
Cp g = - 8 = g&f‘_”___Sin AN 4 T_._é l(f_e_) vw(__due)
=p (u?. + vz) P Uy 8g dx
2 o’ o - (45)

At the stagnation line itself the chordwise velocity in the boundary
layer is identically zero; hence there is zero chordwise viscous shesar-
ing stress. The dimensionless wall-shear function f; is nevertheless

of interest, since it can be used in calculating cp . from equation

(44) in the region close to the stagnation line. For the presented solu-
tions, wvalues of f“;, are summarized in teble IIT and plotted in figure
5., Significant increases in the wall-shear function occur with increases
in the yaw parameter to/tNO. This is an Indication of the effect of

lack of independence between the spanwise and chordwise flows.

In the evaluation of the spanwise skin-friction coefficient for a
Prandtl number of 1, the function 8v:r is exactly e"r, as indicated in

teble TIT and in figure 6. For a Prandtl number of 0.7 the values of
gv'r for the obtained solutions are listed in taeble ITI. It may be read-

ily seen from the teble that for corresponding values of surface btemper-
ature and yaw parameter tO/tNO there is very little effect of Prandtl

number on the spanwise shear parameter 5v'r

Secondary Flow

Secondary flows are generally present in boundary layers whenever
the direction of the pressure gradient impressed by the free-stream flow
is different from the externsl flow directlon. A comparison of the di-
rections of the surface streamline and a corresponding streamline in the
external flow provides a measure of the degree of secondary flow in the
boundary layer.

The direction o of the streamline in the vieinity of the surface
is given by the expression

(&)
9z, v Te  Ufy
tan d‘W = = -'_F— = v 3 (46)
i B_- i e egw
2/
and the direction of the external streamline is
u
e
tan a, = 7 (47)
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The ratio

.b f”

tanoc.e gv,r

is then indicstive of the degree of secondary flow in the boundary layer.

The angles a, &and a, are defined in the following sketch:

Leading edge—

Free-stream Vesk Ue

flow direction External streamline

"Surface"”" stresmline

Values of the ratio fv':-/gv:‘ for the obteined solutions are given in

table IIT and are also plotted in figure 7. As the yaw parameter is in-
creased, large relative inecreases in the secondary flow are obtained.

Heat Transfer and Adlsbatic Wall Temperature

Ay
Loy = by
use of equations (7}, (8), (21), and (28) may be written in the dimen-

sionless form

e ()RR W

The heat-transfer coefficient is defined as h = and by

aw

In texms of physical quantities the heat-transfer coefficient for
stagnation-line flow may be expressed

DR RE] -

The pertinent parameter from the exact solutions is the quentity

'baw-t

tity reduces Jjust to 9;‘,. However, for Prandtl numbers other than 1,

to - bty
(—O———) 6'. For a Prandtl number of 1, where tg, = Ty, this quan-

2€T¥
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the compfete expression is necessary, and the adisbatic wall tempersture

ta -
is required. The quentity | ———2-) 6! for stagnation-line flow is

bow - t,) W
plotted in figure 6 for the present solutions. Figures 5 and 6 show
that, while yaw tends to increase both the wall-shear and the heat-
transfer functions, the magnitude of the effect on heat transfer is much
smaller than the corresponding effect on wall shear. For ingtance, for
t
-_l%;— <2 eand A 45°, which from figure 1 includes all free-stream Mach

0
numbers, the heat-transfer parsmeter is increased less then 13 percent
t
over the value for -t% = 1. This indicates that for masny practical
0

problems the effects of lack of independence on heat transfer may not
be of great significance.

A comparison of the solutions for Pr = 0.7 and Pr =1 =&t
t
_t_v_r = 0.5 indicates that the effect of Prandtl nuwber on the heat-transfer
0
parameter is essentially independent of the yaw parameter and can be
approximately accounted for by the unyawed stagnation-point flow modi-
fication proposed by Squire (ref. 19):

[(%0——315—) e,;] GO (51)
- v Pr

The adisbatic wall or recovery temperature at the -stagnatlon line

- can be calculated from equation (31), where the quantity gw is the

local recovery factor defined

o -
Cw = t:w_ tNOO (52)

Values. of l_:,w have been calculsted end are presented in table IV. The
values for incompressible flow (tG/'bNO = 1) have been calculated by the
method described in eppendix D, while those for to/'bNO >1 and Pr = 0.7

were obtained by solving equations (27) subject to the bouwmdary condi-
tions of equations (24) and (30), as described in the section entitled
Similar Solubtions.
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The results for tO/t'No = 1 may be closely represented bfr Pro'és 3
and for tO/tNO > 1 there is only a slight rise in recovery factor from
the incompressible value. It is thus felt that the use of the conven-
tional laminar recovery factor Prl/ 2 would be adequate for most
purposes.

The local recovery factor may be converted to a recovery factor %
based on free-stream tempersture through the expression

t - by 2
= g——p—=21-(1-¢])sin® A (53)

to - tw
Reynolds Anelogy

From equations (41) and (49) a Reynolds anslogy parsmeter between
heat transfer and chordwise shear may be written

T a x)
i 2 V. 144
2 Pwle v wa

(z) AR
kw taw - tw W
For a Prandtl number of 1 this reduces to Zf";/G‘:r, which is just twice

the secondary-flow parameter listed in teble III and plotted in figure 7.

(54)

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

(51),
_Ts_(ief)
T 2ZM\v
z Puve/NV S Zgy .2
(h_x_) (?o-tw)e, pr0-4
k, T = By ¥

This latter spproximate relation spplies to-all the present solutions,
since for a Prandtl number of 1, g‘:r = 0': and the results shown in table

w’
III indicate that (g;,)Pr:l is approximately equal to (g;f)P 0,7 The
resemblance of equation (55) to the conventional flat-plate Reynolds
anslogy is due to the zero pressure gradient in the spanwise direction.

(55)

. SST¥
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Boundary-Layer Thickness

The boundary-layer thickness in the physical plane can be computed
from equation (35). By definition of the boundary-lsyer thickness &
as the value of 2z at which 6 = 0.9990 (i.e., n = ng), the expression

for ‘tzomiu)iary-layer thickness for a Prandtl number of 1 becomes (from
eq. (35

T)
=Rk, 5(_3«)6_(-?.9)92+t_wa (56)
P\ % & [t %o %o Bof

This expression has been evaluated for a range of values of tw/to , and

the results are shown in figure 8. The actual boundary-layer thickness
nay then be computed easily for any given combination of flow varisbles
and wall temperature.

ENGINEERING HEAT-TRANSFER RETATICONS FOR STAGNATION-LINE FLOW

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

q, = bt -t {57)

aw w)
which requires a knowledge of the heat-transfer coefficient h and the
adisbatic well tempersature ta.w‘

The adisbatic wall tempersture at the stagnation line is obtained
from equation (52) with the recovery factor evalusted from teble IV.

The expression for heat-transfer coefficient is

@) @ @] @

To evaluate the heab-transfer coefficient h in the stagnstion-line
region of a given yawed cylinder, it is necessary to evaluate the fluid
properties at the wall, the chordwise velocity gradient (du_/dx) and
th - &
O W

the heat-transfer parameter (t——-__) 8'. The evalustion of these items
aw = Sw/) W

with consideration of the effects of yaw is discussed in the following
paragraphs.




22 NACA TN 3986

Fluld Properties at the Wall

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

X ’ L
v-1 1 'Ir-l
) - (58)

zufMgw - (r - l)J

(where =M _ cos A). For subsonic chordwise flow
. co ® :

o) o]

P‘;sz__:(r;lbﬁ

x_
By -1
Sz=<1+I—;—lM§ )T (59)

Chordwise Velocity Gradient

Based on the observation (refs. 20 and 21) that for normel circular
cylinders at free-stream Mach numbers greater tham 2 the pressure coef'-
Picient varles sbout the cylinder as

c
C—P__  cog® (%x_) (80)
p,max

an expression for the veloclty gradient at the stagnation line

d
Eue) was derived. This relation in dimensionless form is

du, 28, P
%(Fx‘e)ﬂag G (&)
°° Yg1,A=0

Penland {ref. 20) further observed that equation (60) reasonebly repre-

gents the chordwise pressure distribution over a yawed cylinder. There-

fore, equation (61} for a yawed cylinder becomes Jjust a function of the

e
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normal Mach number. With a normsl Mach number greater than sbout 2 and
upon introduction of the proper stagnation-line fluid properties, equa-
tion (61) becomes

28
= = = A= ==
Yoo &‘oo T PWS ) A

It must be remembered that in equetion (62) u, is the chordwise compo-

nent of the free-stream velocity.

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

du

D e 2 4

& - 4(1 - 0.416 My - 0.164 My ) (63)
Reletions (62) and (63) are plotted in figure 9 along with available

data on the chordwise velocity gradient from references 20 and 23 to 25.

It is to be noted that for subsonic normal Mach numbers the experimental

due

values of uﬁ 3z &iffer somewhat from the values of equation (63). It is
[+s]

therefore recommended that these experimental velues be used in place of
the equation. The broken line in figure 9 in the region 0.8 <M cos A-

< 1.5 was drawn as an estimate of the velocity-gradient varistion, since
neither equation (62) nor equation (63) is strictly spplicable end there
are no experimental data svailsble for that renge.

Heab-Transfer Psrameter

For the general case of arbitrary Prandtl number and surface temper-
ature it is reasoneble to assume from equetion (51) that

(g)e - o, = 2
aw W Pr —

Values of-(e‘;) may be obtained from either table III or figure 6.
Pr=1

When equations (58) to (64) are combined as required, equation (50)
becomes, for the stagnation line of a yawed cylinder,

0.4 4 |Uo Pu [PwWgy A) D due)
- ' A D 65
hy kw(aw)Pr:l Pr b D Rtw( p NG, & (65)
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Effect of Yaw Angle and Mach Number on Heat-Transfer
Coefficient at the Stagnation Line
The ratio of yawed to normal heat-transfer coefficient for a glven

cylinder with the same conditions of free- stream and surface temperatures
is from equstion (65)

sl A —— —
B % ( D ) "o )y
A A o oo
5 = {5 cos A (s6)
A=0 Wa_0 Py du
Pr=1 SZZA=O D (5]
poo ™ Moo

This relation is plotted in figure 10 as a function of yaw angle

t
and Mach number for an essentlally insulated surface (—_EE = ) The val-
0

du
ue of (1112_ Ex—e_) for these calculstions was taken as the modified Newbonian
3]

value for M, cos A> 1.5 (eq. (62)) and from the dotted line of figure 9
for M cos A< L.5.

t
For incompressible flow ( t; = l) the rgtio of yawed to normal
0
heat-transfer coefficient becomes
h
( A) = (cos A)Y/2 (67)
ha=0 =0

which is exactly that indicated experimentally for hot wires by Schubsauer
and Kiebanoff (ref. 26). For subsonic speeds the yaw effect is very
close to that for incompressible flow. The curve for M =1 is in some

doubt because of the lack of suitable experimental information on the
chordwise velocity gradient. The effect of yaw for supersonic flow de-
_pends on the normal component of the stream Mach number. In the region
where the normsl component of the stream Mach number is supersonic, the
curves of the ratio of yawed to normal hegt-tramsfer coefficient are all
very close to each other snd somewhat below cos A (fig. 10). As the
normal Mach number becomes transonic, the ratio exceeds cos A, and at
large yaw angle where the normal Mach number is subsonic, the curves tend _

to approach a (cos A)l/ 2 variation.

2TV



4132

CG-4

NACA TN 3986 25

The influence of the exact solutions reported herein can be seen by
comparing the curve for M = 7 wlth that for the same Mach number but

for 6' assumed constant at the zero-yaw value. For a Mach number of

infinity the ratio of yawed to normsl heat-transfer coefficient (not
shown in fig. 10) is only slightly below that for M, = 7 and from equa-

tions (58) and (66) is given by the relation

(6r) 2
hA W to_/tN =gec A 3
() g (con w2 (ee)

M e W A=0

The epplication of the resulis of this investlgation must be stopped
short of the case of the parallel cylinder (A = 90°), since the initial
hypothesis that spanwise derivatives are identically zero does not apply.

The effect of heating or cooling on the ratio of yawed to normsl
heat-transfer coefficient is shown in figure 11 for a Prandtl number of
1 in terms of a meodification factor to the nesrly insulated result. The
factor is

Oy

( h, A
Y Oy
A=0 tw/to A=Q tw/to
= = 7— (69)
(&) o
ba~0 /)t /6=
w/ ot WA,.-o tW/t =1 _

The effect of surface-temperature level from sbsolute zero to twice free-
stream stagnation tempersature on the rabtio of heat-transfer coefficients
is ghown in figure 11 to be within +10 percent of the insulated heat-
transfer-coefficient ratio for tO/tNO less then 6.5.

The curves of figures 10 and 11 are essentislly independent of
Prandtl nunber, since the effect of Prandtl number on heat transfer has
been spproximetely included through a modification to the Pr =1 solu-
tions. The effect of Prandtl number is accounted for exactly through
the expression

h
- WA
Pr=0.7 I..t tw A=0 Pr=0.7

A=0O
= L — =i (70)
h )
h — 1
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vhich is shown in figure 12 for +,/tg = 0.5. For a Prandtl number 0.7
there is at most sbout a 2-percent effect at this temperature level.

SUMMARY CF RESULTS

The equations for compressible-boundary-layer development over a
yawed infinite cylinder with heat transfer have been presented and solu-
tions obtained for stagnation-line flow. The following are amcng the
results obtained:

1. The ratio of yawed to normal hest-transfer coefficient for the
stagnation line of & given cylinder varles with yaw angle A as

(cos A)l/z for incompressible flow and shows nearly that variastion
for much of the subsonic range. Where the velocity normel to the cyl-
inder i1s supersonic, this ratio is again almost a unique funetion of
yaw sngle, 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 locel flow quantities outside the
boundary layer thet 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 to/tNO less than 6 for surface-

temperature levels from absolute zero to twice free-stream stagnation
temperature. Chenging the Prandtl number from 1 to 0.7 had at most a 2-
percent effect on the ratio of yawed to normal heat-transfer coefficient.

3. The local recovery factor at the stagnation line of yawed cylin-

ders is closely represented by Pro’és. For most purposes this may be

epproximated by the square root of the Prandtl number.

4. Where the independence primciple does not apply, the effects of
yaw on chordwise wall shear are much larger on a percentage basis than
the corresponding effects on spanwise shear or heat transfer. For yaw
angles up to 45° and for all Mach pumbers, velues of a local heat-

N, for stagnation-line flow are less than 13
e -
W

percent above the zero-yaw value.

transfer parametexr

5. For favorable pressure gradient a chordwise velocity overshoot
is obtained where the sum of the surface temperature and the free-stream
stagnation tempersture is greater than twice the external temperature
(tw + to > ZtNO). While in the unyawed case velocity overshoot is

2TV |
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obtained only for heated surfaces, with yaw it 1s cbtained also for
cooled surfaces. Another unusual effect noted was that for Prandtl num-
bers less than unity, when velocity overshoot was obtained for an in-
sulated or cooled surface, the local stagnation enthalpy within the
boundary layer exceeded the stream stegnation enthslpy.

6. The degree of secondary flow, as evidenced by the deflection of
the "wall" streamline compared to the external streamline, increased with
wall temperature and ysw-angle parameter.

Lewis Flight Propulsion Leborstory
National Advisory Committee for Aeronsutics
Cleveleand, Ohio, April 4, 1957
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APPENDIX A

SYMBOLS
constants in asymptotic solution

sonic velocity

U av,
stagnation-line chordwise velocity gradient; C = 35 = EEE
pressure coefficient, P~ 5w

1 2

local skin-friction coefficient - .
specific heat at constant pressure

dilameter of cylinder at stagnation line

function related to stream function, V¥ _._I; "'le
YoVe

gpanwise velocity variable

2, 42

total enthalpy, cpt + 2 >

. heat-transfer coefficient

thermal conductivity
Sutherland's constant
Mach numbexr

exponent from U = CX©
Nusselt number, hx/kw
Prandtl anunber

pressure

heat-trensfer rate to wall per unit area

gas constant

2sTv



4132

NACA TN 3986

Rey

tow = T

free-stream recovery factor,
to - tm

O X
Reynolds number, e

stetic tempersture

transformed chordwise velocity component
chordwise velocity component

spanwise velocity component

transformed normsl velocity component
normal velocity component

transformed chordwise coordinate
chordwise coordinate

spanwise coordinate

transformed normal coordinste

normal coordingte
streamline inelination
pressure-gradient parameter, fa_f—l
raetio of specific heats
boundary-lsyer thickness

spanwise temperature-difference parameter

local recovery factor
u

. m+ 1 e
similarity varisble, Z > ;,E—X

normalized enthalpy function, T - .
e = By

constant in asympitotic solution
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A yaw angle
\ 5 o S/eo) (to * kSu)/\l:G_:
(t/%0) — \By + gy / '\ 0
H gbsolute viscosity
v kinematic viscosity
o] density
T wall shear stress
¥ stream function
Subscripts:
aw adiabatic wall
e chordwise
e local flow outside boundary layer (external)
max maximm
K component normal to cylinder axis
8 spanwise
sl stagnation line
w wall or surface value
© free-stream quentity ahead of bow shock wave

free-stream stagnation value

A quentity pertaining to yawed cylinder
A=Q quentity pertaining to normal cylinder
Superscripts:

! differentiation with respect to 1

~ agymptotic quantlty

NACA TN 3986

22T
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APPENDIX B

SOLUTION OF ORDINARY DIFFERENTTAT, EQUATIONS

Solutions to equations (25) were obtained independently at both the
Lewis and Langley laeboratories of the NACA. The solutions to equations
(27) were obtained at the Langley lsboratory. The procedure used at the
Lewis laboratory is the forward integration technique described in appen-
dix B of reference 27 and is based on five-point integration formulss.
This is the same procedure as that used in obtaining some of the solu-
tions presented in reference 15. An IBM card-programmed electronic cal-
culator was used.

At the Langley laboratory the step-by-step integration procedure
described in reference 28 wes used. This procedure seems somewhat su-
perior to the five-point technique and will therefore bhe described in
some detail. This particulaxr procedure is a modification of the Runge-
Kutta method and was developed primarily for subomatic digitsal computing
machines. The Bell Telephone Laborgtories X-66744 relay compubter at
Langley 1s one of this type and was used for the present solutions. A
step size of 0.2 was used for all the solutions, although a few solutions
were also calculated with a step size of 0.1 for the purpose of evaluat-
ing the error due to step size. The calculsgbtions were carried out to
N = 6.0, since the results showed that the stream boundary conditions
could always be patisfied to the desired degree of accuracy for 1< 6.0.

Convergence to Boundaxry Conditions

The integration of the present equations constitutes a "two-point
boundery-value problem" in which the correct initial values at 1 =0
(such that the boundary conditions for large 17 are satisfied) of the
functions oxr their derivatives are ususlly found by a trial-and-error
or interpoletion method.

The procedure used to obtain convergence for the present solubions
involved an adaptation of Newton's method to three variables and the idea
that for large 17 the velue of the functions depends on the essumed in-
itial velues at 1 = O. Applying this procedure to equations (27) with
boundary conditions of equations (24) resulis in the following general
functional forms:

£l = £2(£0,60,8L)
B = Boo(Li7s64%, &if) (BL)
B = gco(f;:eé-:g‘:-)
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where the subscripts « and w denote the computed velues of the func-
tion at large n and at 1n = O, respectively. The error in the func-
tions at large 1w 1s then glven by

. oy . Ofn  dE, 'w
I AT i
ae P af o a6 e 4 } (B2)
o = Som AEL + 5 46 + —— dg! B2
oy oy T A T
& Eoo Eoo
dg, = == AfS + — a0 + — dg!
3gr © v T ey T agwdgwj

The various partial derivatives in equations (B2) may be evaluated
approximately from four trial solutions according to the following
table: '

Trial Initial values Partial
solution gt . ~ derivative
W w By
1 £" ot '
Wi W1 g“i 3 /af"\
2 £ el | &l v
Wp | Wy 1 & 3
" " W
3 g | Oy | &y v
a 1
4 £n el | el /&,
Wa | Vo 2

The best solution of these four, say solution 1, is then used to obtain
the errors, which from equations (24) are

af) = £'(w) - £, =1 - f;,i\

@, = 6(=) - 0, =1 -0, ? (85)

i

48,

g(=) - oy =1 - &y

/

where f;i, GMi, and gmi are the computed values at lerge 1 from the

best solutiom.

AN
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Equations (B2) are then solved simultameously for df}, do), and
dgé. The corrected initial values are

faz = fﬁi + df;~\

s = Oury * By > (B4)
L~ 2 R !

B = &y + Gy

which may be used for repeating the whole procedure until convergence is
attained. In the present problem, however, satisfactory convergence was
attained by computing a trlal solution with the corrected initial values

and then using the results of this new solution to reevaluate df!, df,,

end dg, from equations (B3); equations (B2) were then solved for df,
dB&, and dgg; by using the partial derivatives already obtained. A new
set of initial values is computed from equation (B4) end the results of

the new solution, and the procedure is repeated until the boundary con-

ditions are satisfied to the desired degree of accuracy. In most cases

four or five more trial solutions were required for this purpose, which

mede a total of gbout nine trial solutions for any one case. Note, how-
ever, that in accordance with Newton's method the above procedvure cannot
be expected to give satisfactory convergence unless the errors d4fJ, 49,
and dg, from the original four solutions are reasonably small. In the

present problem these errors were limited to aboul 0.4 before the partial
derivetives were evaluated.

Accuracy of Solution

The inherent error in the Runge-Rutta method is of the order of the
step size to the fifth power. A discussion of the errors in the integra-
tion procedure used here is given in reference 28.

An example of the errors due to step size and initial values for one
of the present solutions is given in the following table for the case

t/to = 1.5, toftyy = 1.2, snd Pr = 1:

Step Initial values Boundery conditions
size P g1 gt 1 =86.0
w w £1(6.0) | 6(6.0)
0.2 | 1.664076 | 0.610859 | 0.999684 | 0.999998
.2 | 1.664085 .610863 .999987 . 999999
.1 | 1.684088 .610863 .999328 | 1.000027
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Inspection of the table indicates that the value of f£' at large 3 is
relatively sensitive to both the initisl values and the step size. This
is in accordance with the values of the paertiel derivetives, which for
this case were

of! of,)!
= 28.4 = 15.4
ofy o6

w o= -0.51 = 1.56
Bfw 39%

In general, all the solutlons were repeated until the maximum error
in the boundary conditions was at most 0.0001L in £* and 0.00001 in &
or g &t 1 = 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
errors in the initial values f% and 9& for the 0.2 step size. Thus,

the sample solutions given in the table indicate thet reducing the step
gize to 0.1, but using the same initiel values, increases the errors in
the outer boundary conditions by 0.00086 for £'(6.0)} and by 0.00003 for
6(6.0). Adding these changes to the maximim alloweble computing errors
of 0.0001 in £'(6.0) and 0.00001 in ©(6.0) results in an improved eval-
ugtion of the actual errors, which would be approximately 0.0007 in
£'(6.0) and 0.00004 in 6(6.0). From these errors in f£' and 6 eand
the values of the partial derivatives just given, the maximum errors in
the initial values as obtained from equations (B2)}(modified for the case
of Pr = 1) are

df; = £0,00001

deé = 10.00003

Thus, the initial values are accurate to at least the fourth decimal
place, assuming that a further decrease in step size would not have much
additionsl effect on the solutions. The functions £' and 6 are
evidently accurate to the third and fourth decimal places, respectively,
for large values of 1.

eeTv
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Comparison of the Two Techniques

35

Among the cases calculated, three for tw/'bo = 1 were done inde-

pendently by both technigues.

as well as values of £, £*, £", 9, and @°*
the following tables:

Comparisons of velues of f£i and 6y

at n =4 are given in

o/t

1
fW'

9'
w

Five-point

Runge-Kutta

Five-point

Runge-Kutte

1.1

i.2

3.0

1.29887

1.36401

2.40863

1.

1.

2.

29886
36400

40857

0.57760
.58446

.B67698

0.57763
.58447

.67699

to/tNo

£(4)

£'(4)

f"‘

(4)

6(4)

e!

(¢)

Five-
point

Kuttsa

Runge-

Five-
point

Runge-
Kutta

Five-
point

Runge-
Kutta

Five-
point

Runge-
Kuttea

Five-
point

Runge-
Kutta

1.1 |3.3902

1.2 |3.4265

3.0 |3.8946

3.3901
5.4263

3.8947

1.0000]1.0000

1.0002]1.0000

1.0002

1.0001

0.0001

0

-.0006

0

-.0001

-.0007

0.9996|0.9996

.9997| .9996

.99991 .9999

0.0016

.0015

0.0016

.0015

.0004

There is g difference of not more than 0.0001 in the initial val-
ues and not more than 0.0002 in the functions near the outer edge of

the boundary layer.

It

An exeminstion of other values of the functions
ghows them to differ by 0.0002 or less for all values of 1.

is

felt therefore that all tabulated values In tebles I, II, and III are
certainly correct to three decimal places end that most of the tabula-
tions are probdbly correct to +0.0005.
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APPENDIX C

ASYMPTOTIC SCOLUTION

To examine the behavior of the presented solutions near the outer
edge of the boundaxy leyer, it is useful to find a solution of the
system

% tg [t
£ o4 £8" = £02 - 1 - —O—-l(l-gz)--p—(—w-l)(l-e)

(27a)
g" + fg' =0 (27v)
)
8" + Prfe' = (1 - Pr) 07 (2" (27¢)

for large 1.

The asymptotic form for f (designated f£) is assumed to consist
of a sun of terms, each smaller than the preceding. Only the first two
terms asre considered herein. The corresponding solutions for the_span-
wise velocity function é and. the stagnation enthalpy function 6 are
also cbtained.

TLet
£ = §l + £, (c1)
where
o << fl B
ot oy
2 << fl
Since limn4f' =1, let

where x 1is an undetermined constant. If fi is inserted into equa-

tion (27), the corresponding spenwise velocity function él and enthalpy

2eT¥
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function ¥; must both be 1. Inserting equations (C1) and (C2) into
equations (27) and dropping higher order terms result in

t t t
~ ar ~ O ~ O o~
é"+(n-x)f§=2fé+2 ﬁ}g-lgz+—(-l"-1)ez (c3)

tNo tO
g+ (n-x)g =0 (ce)
65 + Pr(n - %)8} = - 2(1 - Pr) (4 Mo =, (c5)

2 t, '%‘5“ €2
(=9

Equations (C3), (C4), and (C5) are very similar to equations (B3) of ref-
erence 15, For Pr =1 and tO/‘bNo = 1, they are identical. The pro-

cedure for obtaining the asymptotic solution is similer to that in appen-
dix B of reference 15. Equation (C4) can be integrated directly to give

_ (n-%?

éz' = Aje 2 (ce)

which integrates once again to the complementary error function

A 2
~ 1
N —— e d
V2 k
!
or
~ A -
gz = - —l— # cerf h——xl (C?)
/2 /2
By use of equations {C4) and (C6), equation (C5) can now be written

gn_xzz

5; + Pr(n - 1)52' - 2(1 -Px) (y _ o (q - ’()Ale- 2 (c8)

CEA
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which has as its complete solution

52=Al 2 :I.-E-N—o ﬁcerfl: 'K]
Ay Rl

- Ay Pr JE cerfl:n - %) »\[P—_r] (co)

where the coefficient Ay, may be evaluated by recognizing that the
agymptotic forms éz and 52 are identical for a Prandtl number of 1.
From equations (C7) end (C9) with Pr = 1,

tNo Ty |
2 - ——_bo_ + -_b—c; -
A, = Ay T (c10)
N (to )
Assume that this expression holds for Pr 74 1. Equation (C9) then
becomes

~ A B (- %)
6, = 1 0/ o/« cerf x
2=z (tw ) 2
%o
tNO tw -l
2(1 "I + i -\/_

(0] O b1 Pr
- +/Pr (tw 5~ cerf |:(11 - A (c1v)
L %o )
The expressions (C7) and (Cll) for 52 and 62, respectively, may now
be gubstituted into the differentisl equation (C3) for fz.

~“ - ~" - ~||
fz' + (7 )c)f‘2 Zf2

t t t P
O e R

rA N7
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For large n the right side of equation (C12) can be rewritten
using the leading term of the following expension of the complementary

error function
2
-X
/= _e 1
5 cerf x = =5 1-=—=+-- ] (c13)

Equation (C12)} then becomes

N"' - M“- ~‘=
fz + (7 x)fz 2t}

t t t
Ry N I

A particulasr solution to equation (Cl4) is sought wherein the leading
term is of the form

_Pre.  .y2
£1=8(n- Ve z (1) (c15)

Substituting equation (Cl5) into equation (Cl4) and exaemining the results
separately for Pr # 1 and for Pr = 1 results in the following par-
ticular solutionms:

For Pr#£1

e Ay o o [ty =3 _Pr (. _ )2
fZP—-ZPr(Pr-D[Z(tNO l) tﬂo(— 1)](T1 x) expl:?(n x)]

(c1s)

and for Pr =1

~ A t t Y
R

It is to be noted that for Pr < 1, equations (C16) and (C17) have
the same qualitative behavior; that is, they are both positive or_nega-

to tg tw
tive depending on whether the quantity 2 E;— + %ﬁ— — - is
0

c17)

positive or negative.
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The complementaxry function for fz' can be found by noting that the

homogeneous part of equation (C12) is Weber's eguation. Hartree (ref.
9) gives the general solution for large values of the argument 1 - %,
which can be written

2
£ = A ln - %)% exp [— -(3—;1)—] + By(n - %)° (c18)

In order to satisfy the boundary condition 1lim fz' = 0, it is necessary
oo
to take A4 = O in equation (C18).

The asymptotic variations of veloclity and enthalpy functions are,
from equations {C7), (c11), (c13), (cis), (C17), end (c18):

s A %o Yo (& -3 Pro. :{l
SPRRICUR THE R, N & T

+ Ag(n - %)™ exp[_ _(JJ_%_"LZ.] (c19)

. A % to [ty 3 Y-
=2 F [ (379 R (- Y0 e [
+ Ay(n - %)% exp \:— h—élﬁ] (36)
§=1-%<n-x)'lexp[-ﬁ-"—’—é“z] (1)

(-2

%)
.\

A, z( -_:_I;_O-)+(—:—5-_l) (n_x)-l exp[_%{(n_x)z] (38)

9=l+Al

(n - X)’l'exp[: ﬁﬂ—%-}-ﬁ]

N
ct

2eTv
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An exemination of equations (C18) for Pr < 1 and equation (386)
for Pr =1 shows that the velocity functions in these cases have the
same qualitative asymptotic behavior, since the A, tTerms in both cases
domingte over the A3 terms.
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APPENDIX D

STAGNATION-LINE RECOVERY FACTCR FOR YAWED CYLINDER

The evaluation of the recovery factor for the stagnation line of s
yawed cylinder in essentially Incompressible flow is accomplished by re-
writing equations (27) with the quantity tNO/tO replaced by the equiva-

e vZ by
lent expression 1 - z——, where ——— << 1 and with - —] << 1.
Zcpto Zcpto tg
The resulting equations are
£ o et = p02 Ly (p1)
g" + fg' =0 _ (p2)
e
2 t n
" + Prfe' = (1 - Pr) %0 _ (&2) (D3)

=

The firet two of these equations are recognized as the momentum equations
for chordwise and spanwise incompressible st ation-line flow over s
yawed cylinder. The energy equation (eq. (D3)} must be further reduced
by writing 6 in terms of the temperature-difference parameter

t - % -
= - (Ds)

§=
v
Zcp

o

The expression for 6 1in terms of { becames from equations (14)
and (D4) 2
v

(g% + ¢ - 1) 5%5

6 =1+ (D5)
to - Ty

Substitution of relations (D5) and (D2) into equation (D3) yields
2

v
e

for finite chto

" + Pret' + 2Prg'? = 0 - (Ds)

SeTY
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Equation (D6) is identical to that of Schuh (ref. 29). With the
boundary conditions:
At =0
£' =0
At 2w
E=0

the value of { at the wall becomes the recovery factor and from equa-
tions (DL), (D2), and (D6) can be written

2 - J;' Prfdn -{Pr-2 )\/:lfd'q
e e dndn
n

¢y = -2Prg’ A (D7)

where

8y = (ve)
f e-\ﬁﬂfdn dn
0

For the present paper values of gw were obtained for Pr = 0.7,

0.8, 0.9, and 1 and are shown in table IV. The value indicated for
Pr = 0.7 agrees with that of Schuh.

A recovery factor for the stagnation line defined In terms of free-
stream static temperature is related to gw as follows:

to., - &

- 8w 0 R

Q=F=l— (l-gw)smzA (p9)

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

. s e
(ol )

s s v o &
TORPRNO DORNO OOPRNO CORNO @

RRRRR NOOIOIW PNDNROPND HEHER

t t t t
W 0 W o]
= 0O = 1.0 =03 — = 1.2
EE H fﬁ; fa s tNo
h iy £ " 6 o1 n hig f £ e gt
0.0000|0.0000|0.6489|0,0000|0.5067 0 0.0000| 0.0000}0.6823|0.0000{0,5130
.0129| .1291( .6393( .1013| .5062 2 .0138| .1357} .6708] .1026| .5125

.0514| .2546| .6128} .2023| .5032 -4 .0540| .2670| .6392| .2048| .5093
L1143 ,3734| .5728]| .3023| .4951 .1199| .3903| .5920| .3059| .5007
.2001| .4830) .5226] .3999| .4800 .2094| .5031} .5338| .4048| .4847

.
o}

.3203| .8034) .4688| .4992| .4598
.4499( .6904| .4010| .5879| .4259
.5955| .7638| .3339| .6690| .3837
.7545| .8242| .2704| .7410| .3353
.9244| .8724§ .2128| .8029| .2835

.3068( .5819] .4654| .4937| .4564
.4321| .6680) .4045| .5819| .4240
5736 7437 .3427) .6627| .3835
.7288) .8062| .2828| .7349| .3368
.8953| .8571} .2270| .7972} .2883

1.1028| .9098| .1627( .8544| .2315
1.2877| .9380( .1l206f .8957| .l823
1.4775| .9586| .0866} .9277| .1383
1.6707( .9731{ .06803] .9515] .1l008
1.8664| .9831| .04086| .9685| .0709

1.0709| .8973| .1769| .8494 .2353
1.2536| .9283| .1338| .8915] .1l865
1.4417| .9513| .0980| .9243; .l4i24
1.6337| .9680| .0694| .9489; .1047
1.8285| .9795| .0476| .9666| .0741

2.0638| .9897| .0264| .9803| .0478
2.2622| .9940| .0166| .9881( .0311
2.4612| .9966| .0101| .9931| .0194
2.6607| .9981|( .0059{ .996l] .0O1ll6
2.8605| .9990| 0033} .9979| .0067

2.0253| .9874} .0315| .9790( .0504
2,2233] ,99241 .0201} .9872( .0330
2.4221| .9956| .0124; .9925| .0207
2.6214| .9976| .0073) .9958| .0125
2.8211| .9987| .0042) .9977| .0073

3.0209| .9993| .0023| .9988) .0040
3.2208( .9987| .0012] .9994] .0022
3.4208| .99%9| .0008| .9997] .0011
3.6207| .9999| .0003| .9999| .0006
3.8207{1.0000| ,0001 |1.0000]| .0003

3.,0603| .9995| .Q01l8| .9989| .0037
3.,2603( .9988) .0010} .9994] .0020
3.4602)1.0000| 0005 .9997| .00LO
3.6602{1.0000| .0003| .2999| .0005
3.8603}1.0001| .0002| .9999| .0002

QO OOPNO OOPERNO OOPRNOG OMERNO ORNO o

4,0603{1.0001| .0001{1.0000| .00Q0L
4,2603{1,0001| .000L[1.0000| .0O0QQ
4.4603{1.0001]| .0001|1.0000} .0000
4,6603|1,0001| .0001|1.0000| .0000
4.860411.0002| .0001[1.0000| .0000

o oo, kPl NN PPN RPHEPHE

5.0604{1.0002] .0001{1.0000| .0000

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

£, t t t
W o} W 0
=0} — = 1.6 = 0; — = 2.0
o N 7Y Trg

n f fr £n e at n f £t " e et
o} C.0000[0,000010.7475(0.0000]0.5249 o] 0.000010.0000{0.8105|0.0000}0.5358

.2 .0149| .1484| .7319| .1049| .5243 .2 .0161) .1608| .7907{ .1071l| .5353

.4 .0590| .2910| .6898| .2095| .5207 o4 .08381 .3141) .7379| .2139| .5313

.6 L1308 .4230(| .6282| .3128| .5112 .6 .1409 | .4544| .6617( .3192{ .5207

.8 2273 .5414| .5540] .4134| .4934 .8 2444 | ,5778| .5716| .4216| .5013
1.0 .3461 | .6442) .4735( .5095]| .4661 1.0 +3708| .6826] .4759| .5190} .4715
1.2 .4839] .7308| .3924| .5992| .4291 1.2 .5162| .7683| .3821| .6095| .4316
l.4| .6374| .8015!) .3153| .6806] .3836 1.4 6769 .8359| .2957| .6911| .3832
1.6 .8035) .8574 | .2455| .7523| .3322 1.6 8495 .8874| .2206} .7624| .3290
1.8 .9795] .9003| .1853} .8133| .2780 1.871.0309| .9251| .1586| .8228) .2726
2.0] 1.1629] .9322| .1355| .8635| .2244 2.0 |1.2188| .9517| .1099| .8715| .2177
2.2 1.3518} .9552} .0960| .9033| .1745 2.2 | 1.4111)] .9699( 0734} .9100| .1674
2.41 1.,5445( .9712| .0659| .9337( 1307 2.4 11.6063| .9818| .0473| .9389| .1238
2.6 1.7399| .9820] .0438} .9561| .0941 2,6 {1.8035] .9893 .0294] .9800| .0880
2.8 1.9371| .9891| .0281| .9719| .0651 2.8 12,0018 | .9939| .0176| .9747| .0602
3.0| 2.1354| .9936| .0175| .9826| .0434( | 3.0 | 2.2009| .9966} .0102| .8845]| .0395
3.2| 2.3344| .9964 | .0106] .98968| .0277 3.2 12,4004 .,9981| .0057| .9909| .0248
3.4 2.5338| .9980} .0061| .9940} .0171 3.4 | 2.6002| .9990| .0030) .9948; .0151
3.6 2.7335} .9989; .0035] .9987{ .0101 3.6 {2.8000| .9994| .0015]| .9972| .0088
3.8) 2.9334| .9995| .0019] .9982]| .0057 3.8 | 2.9999 | .9997] .0007| .9985| .0049
4,0 3.1333| .9997}¢ .0010{ .9991} .0031 4,0 | 3,1999| .9998| .0003| .9993] .0027
4,2 3.3333}] .,9999| .0005| .9995| .0016 4,2 13,3998 .9998| .0001)] .9997| .0014
4.4+ 3,5333| ,9999( .0002| .9998| .0008 4,4 [ 3,5998 | .9998| .0000] .9998 ] .0007
4.6 3.7333{1L.0000} .0001L| .9992| .0004 4.6 [ 3.7998| .9998 | .0000| .9999| .0003
4.8] 3.9332(1.0000 .0001]|1.0000| .0Q002 ’
5.0 4.1333]1.0000| .0000]1.0000] .0001
5.2 4.3333(1,0000| 0000 |1.0000| .QO0O0
5.4 4.533311.0000| .0000{1.0000! .0000
5.6 4.7333|1.0000| .0000[1.0000] .0000
5.8] 4.9333|1.0000| .0000}1.0000] .0000
6.0 5.1333[1.0000 | .0000]1.0000( .0O00
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTI: NUMBER OF 1

ct

t t
W N Q = . .——O =
T = 0; r = 2,2 [e}3 T 3.0

No No

Sl

=3

by £ i e 6! n £ il £ e e

n

e o o 8 » ¢ e s o @ e a2 o e » . e
O OPNO @OPRNO OOPNO OOPRNO OO [o: %)

O Ao e WO DORNDND HPHEP

0.0000]0.0000]|0.8413 |0,0000 {0.541C | | O 0.0000| 0.0000|0.9607| 0.0000|0.5603
.0168] .1668] .8194 | .1082| .5404 .0191} .1900j .9300} .1120] .5595
.0662| .3253| .7611| .2159 .5362 .0753) .3687| .8494) .2235| .5546
.1459] .4695| .6776| .3222| .5252 .1653| .5276) .7361| .3333| .5417
.2528}1 .5954| .5795| .4254 ] .5049 .2847| .6620] .6061] .4395)] .5181

e s o @
m o N

.428%| .7699| .4738| .5398| .4826
.5909) .8521} .3507| .6318| .4360
L7678| .9113| .2448| .7136| .3807
.9542} .9514| .1596| .7838| .3205
1.1472) .9766] .0963| .8418| .2598

.3828| .7010| .47683| .5235| .4740
.5318] .7862| .3764| .6143| .4327
.6959| .8522| .2857| .6960| .3828
.8716| .9013| .2083) .7671| .3273
1.0555| .9365| .1457 | .8268| .2700

1.3441]| .9912| .0527f .8879] .2025
1.5432| .9987| .0249| .9232| .1517
1.7433|1.0019| .0089| .94%2)] .1092
1.9438|1.0028| .0008| .9675| .0756
2.1444|1.0026 [-.0025| .9799} .0502

1.2454) ,9608} .0978] .8752| .2145
1.43922| .9765| .0629| .9129] .1640
1.6356! .9865| .0388| .9412] .12086
1.8336| .9925| .0230) .9617 | .0853
2,0325| .9960| .0130| .9759| .0579

0032} .9880] .0321
0028 .9931] .0197
.0021; .99862| .011l6
0014} .9980( .0066
.0009| .9989| .0036

2.3449}1.0020
2.5452|1.0014
2.745411.0009
2.945611.0005
3.1456]1.0003

2.2319| .9980] .0070| .9853| .0378
2.4316)] .9980| .0036{ .9914| .0237
2.6315| .9996] .0018| .9851( .0143
2.8314| ,9999] .0009| .9973| ,0083
3.0314| .9999| .0004| .9986| .0048

.0005| .9995( .001¢9
.0003] .9997| .0Q09
3.7457}1.0000/-.0001] .9998| .0004
3.945711.0000(-.0002] .9999} .0002
4.1457}11.0000| .0000|1.0000| .000L

3.3457(1.0002
5.5457(1.0001

3.2314|1.0000| 0002 .92883| .0025
5,4314(1.0000( .0001| .9996( .0013
3.6314{1.0000; .0000| .9998] .0006
3.831411.0000| .0000| .9999( .0003
4.031411.0000| ,0000)1.0000| ,0001

4,2314]11.0000; .00Q0|1.0000| ,0001
4.4314]1.0000] .0000(1.0000| ,0000
4,6314(1.0000( .0000(1.0000| .0000
4.831411.0000| .000C(1.0Q00| .O0CO
5.0314§1.0000| .000CG|1.0000] .0000

QO oo QJCDIFNO OOHPNO OORNO OORNO

4,3457§1.0000f ,0000|1.0000} .0000C
4.5457{1.0000| .0000|1.0000| .0000
4.7457]1.0000| .0000(1.0000| .CQ0O
4£,9457|1.0000| .0000|1.0000] ,0000
5.1457|1.0000] .0000(1,0000] .0000

o GO OIL PPl HOIOIOIOE DO ON H s

5.3457|1.0000( .0000}1.0000| .0000

5.2314|1.0000] .0000|1.000C| .0O0Q0O

2CTY
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1 .

bw to Sy %o
=0; — = 4.0 T~ =0; T — = 6.0
To = 5o tg T 3 tNg

n £ £1 £n 8 8! n £ £ £ ] et
0 | 0.0000|0.0000|1.1025|0.0000(0.5815| | 0 | 0.0000}0.0000(1.3679/0.0000|0.6174

.2| .0219| .2176/1.0603| .1183| .5806 .21 .0271| .2690(1.3014| .1234| .6163

.4| .0860] .4196{ .9509( .2319| .5748| | .4 | .1080| .5137|1.1320| .2461| .6086

.6 | .1880| .5952| .7997| .3455| .5596| | .6 | .2299| .7179| .9038| .3661| .5889

.8} .3219| .7383| .6304| .4549| .5320| | .8 | .3899| .8740| .6570| .4806| .5538
1.0| .4811| .8475| .4632| .5574} .4911| | 1.0} .5763| .9817| .4249| .5865| .5030
1.2| .6588] .9248| .3138| .6506| .4383| | 1.2 .7797[1.0465| .2307( .6810| .4393
1.4 | .8492] .9748| .l1918| .7322| .3770| [ 1.4 | .9926[1.0773| .0861| .7618| .3680
1.6 | 1.0474{1.0036| .1009| .8011| .3119| | 1.6 | 1.2091{1.0843]|-.0082| .8281| .2953
1.8 | 1.2496(1.0172| .0397| .8571| .2479| | 1.8 | 1.42541.0770|~.0590| .8802| .2269
2.0 | 1.4536(1.0211| .0032| .9007| .1892| | 2.0 | 1.6394/1.0629|-.0776| .9134| .1670
2.2 | 1.6577(1.0197|-.0149| .9333| .1386| | 2.2 | 1.8504{1.0473|-.0759| .9477| .13178
2.4 | 1.8613|1.0159|~-.0210| .9567| .0975| | 2.4 | 2.0584|1,0332|-.0638] .9673| .0797
2.6 | 2.0641|1.0117|~.0203| .9729| .0859| | 2.6 | 2.2639|1.0220|-.0484] .9802| .0517
2.8 | 2.2660|1.0080|~.0165| .9836]| .0427| | 2.8 | 2.4674(1.0138(-.0340| ,9885| .0322
3.0 | 2.4673(1.0051{~-.0121| .9905| .0286| | 3.0 | 2.6696/1.0082|-.0223| .9936] .0193
3.2 | 2.6682(1.0031|-.0082| .9946| .0159] | 3.2 | 2.8709/1.0046|-.0137| .9965| .OLll
3.4 [ 2.8686(1.0018|-.0052[ .9971| .0092| | 3.4 | 3.0715|1.0025|-.0080| .9982| .0061
3.6 | 3.0689{1.0010{-.0031| .9985| .0051| | 3.6 | 3.2719{1.0013|~.0044( .9991| .0032
3.8 | 3.2691|1.0005|-.0017| .9992| .0027| | 3.8 [ 3.4721{1.0006|-.0021| .9996( .0017
4.0 | 3.4691{1.0003|-.0008| .9996 .0014| | 4.0 | 5.6722]1.0002|-.0005( .9998| .0008
4.2 | 3.6692(1.0001|-.0005| .9998| .0007| | 4.2 | 3.8722{1.0001| .0013| .9998| .0004
4.4 | 3.8692(1.0001|-.0002| .9999| .0003
4.6 | 4,0692{1.0000|~.0001|1.0000| .0001
4.8 | 4.2692(1.0000(-.0001{1.0000| .0001
5.0 | 4.4692{1.0000] .0000|1.0000| .0000
5.2 | 4.6692(1.0000[ .0000{1.0000| .0000
5.4 | 4.8692/1.0000| .0000{1.0000| .0000
5.6 | 5.0692|1.0000{ .0000|1.0000} .0000
5.8 | 5.2692/1.0000| .0000|1.0000| .0000
6.0 | 5.4692{1.0000| .0000(1.0000| .0000
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

by to Sy %o
:r = 0; -t—— = 8.5 : -r' = 0.25; '{_‘— = 1,2
0 No 0 Ng
n hif £ 1 [} a1 n b £! £ e et

(o]

O QU R RPbR QROWHGOK PN PR
O OO PN POAPNO DOAPRNO OOPRNO OORN

0.0000)0.0000{0.8673[0.000010.5344
.0169| .1669 .7988| .1068| .5338
.0657| .3187| .7175| .2133| .5297
.1432| .4534| .6292| .3183| .5189
.2459| .5702] ..5387| .4203] .4993

[o]

0.0000]0.0000]1.4313]0.0000|0.6254
.0284) .2813|1.3584) .1250| .6242
.1107| .5358(1.1736| .2482| .6161
.2398] .7465] .9259| .3706| .5953
.4058| .9051| .6801! .4862| .5584

.3701| .6690; .4503| .51735| .4697
.5124| .7506; .3672| .6075| .4301
.6693; .8164| ,2919| .6888| .3822
.8380| .8680| .2261; .7600| .3288
1.0157| .9075| .1703| .8202( .2732

.5984(1,0118} .4128| .5928| .5052
.80768(1.0731} .2089| .6874| .4390
1.0253|1.0990} .0802{ .7680} .3655
1.2456)1.1008|-.0334 .8336] .2913
1.4648]1.0887|~.0807; .8848)] .2221

1.2003| .9368] .1247] .8694( .2189
1.3899| .9580] .0887] .2081! .1690
'1.5831] .9722| .0612| .9374( .1255
1.7788| .9830] .0410( .9588| .0897
1.9761| .9897; .0265,| .9738| .0616

1.6808]{1.0707|~.0946| .9231( .l622
1.8930{1.0522|-.0880| .9504| .1134
2.1018)1,0361 |-.0718| .9692| .0761
2.307711.0236|~,0533| .9815| .0490
2,5115{1,0146]|~.0368| .92893| .0302

2,1745| .9939} .0166{ .9839] .0407
2.3736| .9965; .010lL| .9905] .0258
2.5730| .9981} .0059| .9945] .0158
2.7728| .9990| .0034| .9870; .0092
2.9726| .9995| .0019| .9984| .0052

2.7138|1.0086(-.0238| .92941] .01l79
2,9151|1.0049|~.0145| .9968] .0102
3.1158;1.0026{-.0084| .9983] .0056
3.3162{1.0014|~.0046| .9992] .0029
3.5164)1.0007}~.0024] .9996| .0015

3.1725| .9998| .0010| .9992; .0028
3.3725| .9999] .0005( .9996] .0015
3.5725|1.0000{ .0003| .9998] .0007
3.7725|1.0001| .0002{ .9999| .0004
3.9725|1.0001( .0001{1.0000| .0002

3.7185(1.0003|-.0012{ .9998| .0007
3.9166(1.0002|~.0006! .9999! .0003
4.1166|1.000%|~.0003(1.0000| .0001
4,3166|1.0000(-.0001[1.0000( .0001
4.5166(1.0000| .0000|1.0000| .0OO0C

O OPNO EOPRNO OORNO OORNO OOPRNO OOPN

4,17261.0001( .0001[1.0000| .000L
4.3726[1.0001| .0001|1.0000| .0000C
4,5726(1.0001| .0001}1.0000(| .000C
4.7726|1.0001| .0001|1.0000| .0000
4,9727)|1.0002( .0001|1.0000{ .0000

5.1727]1.0002] .0001(1.0000} .000O

4,7166]1.0000( .0000|1.0000| .0Q000
4.9166]1.0000( .0000{1.0000| 0000
5,1166]|1.0000| .0000{1.000C]| .COCO
5,3166)1.0000( .0000{1.0000] .0000
5.5166(1.0000| .0000{1.0000} .0000

o oo bepbdd MOIAIKWOGE PDOONOND HHEHEEE

5.7166{1.,0000{ .0000{1.0000; .0000

28T
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE

CYLINDER WITH PRANDTL NUMBER OF 1

t t
= = 0.25; —— = 1.6 ;3 = 0.25; ;9— = 2.2
0 N © No

n £ £ £" e CE n £ £ £ e
0 | 0.0000(0.0000(0.9850(0.0000(0.5507 | [0 | 0.0000[0.0000{1.1530}0.00000.5724

.2| .0191| .1882| .8935| .1101| .5500| | .2| .0223| .2185|1.0268| .1ll44

.4 | .0739| .3563| .7856 .2197| .5452| | .4 | .0856| .4093| .8787 .2283

.6 | .1602| .5019| .6699| .3277| .5329| | .6| .1839| .5694 .7224| .3402

.8 | .2732| .6243| .5542| .4322| .5105( | .8 | .3113| .6985| .5698| .4479
1.0 | .4084| .7240| .4445| .5312) .4770| |1.0| .4614| .7982| .4299| .5492
1.2 | .5614| .8028| .3453| .6223| .4330| /1.2 | .6288( .8717| .3092| .6415
1.4 | .7283| .8630| .2597| .7038| .3807| |1.4 | .8086| .9233| .2109| .7229
1.6 | .9056| .9076| .1889| .7743| .3234 | 1.6 | .9970| .9576| .1355| .7922
1.8 {1.0905| .9395( .1328| .8331| .2649| (1.8 |1.1908 .9789| .0812| .8430
2.0 {1.2807| .9616| .0902| .8004| .2090 [ [2.0 | 1.3880| .9912| .0446| .8939
2.2 |1.4746} .9764 .0592| .9171| .1587 | [ 2.2 | 1.5869 .9977| .0217| .9278
2.4 |1.6709| .9859| .0375| .9444| .1159 | [2.4 | 1.7868[1.0005] .0086| .9525
2.6 |1.8688| .9919| .0230| .9640] .0813 | |2.6{ 1,9870(1.0015| .0019| .9699
2.8 | 2.0675| .9954 .0136| .9774| .0549 | | 2.8 | 2.1873|1.0015 |-.0010| .9815
3.0 | 2.2669} .9975| .0078| .9864| .0356 | [3.0 | 2.3876(1.0012]-.0018( .9891
3.2 | 2.4665| .9987| .0043| .9921| .0222| | 3.2 | 2.5878(1.0009 |-.0017| .9938
3.4 {2.6663| .9994( .0023| .9955| .0133 | 3.4 | 2.7880]|1.0006 |-.0013| .9966
3.6 | 2.8662| .9997 .0012| .9976| .0076 | | 3.6 | 2.9881|1.0003 |-.0009| .9982
3.8 |3.0662| ,9999| .0006| .9987| .0042 | |3.8 | 3.1881(1.0002(-.0005| .9391
4.0 | 3.2662( .9999| .0003| .9994| .0022 | (4.0 | 3.3881(1.0001(-.0003| .9995
4.2 | 3,4661|1.0000( .0001| .9997| .0011 [ |4.2 | 3.5882(1.0001 [-.0002| .9998
4.4 [3.6661/1.0000| .0001| .9999| .0006 | |4.4 | 3.7882[1.0000|-.0001| .9999
4.6 | 3.8661(1.0000| .0000| .9999| .0003 | |4.6 | 3.9882(1.0000| .0000|1.0000
4.8 | 4.0661|1.0000| .0000|1.0000% .000L | |4.8 | 4.1882(1.0000] .0000|1.0000
5.0 | 4.2662|1.0000( .0000[1.0000| .0001 | |5.0 | 4.3882{1.0000] .0000|1.0000
5.2 | 4.4662(1.0000| .0000{1.0000| .0000 | |5.2 | £.5882|1.0000| .0000|1.0000
S.4 | 4.6662(1,0000| .0000|1.0000| .0000 | |5.4 | £.7882[1.0000| .0000(1.0000
5.6 | 4.8662|1.0000( .0000|1.0000; .0000( }|5.6 | £.9882(1.0000| .0000|1.0000
5.8 | 5.0662[1.0000| .0000{1.0000;} .000C | [5.8 | 5.1882{1.0000| .0000|1.0000
6.0 [5.2662|1.0000( .0000{1.0000| .0000 | |6.0 | 5.3882|1.0000| .0000}1.0000
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

t. t t t
W 2] W 0O
T~ = 0.25; T = 3.0 T~ = 0.5; T— =1.2
o} Mo tNO
n £ £ bl [} ot n £ f £ ] gt

(=
..

O OORNO 0OPNNO OOPNO PN OORNO CoaPN

e« s & a @ « » = @ 8 R e a o o a

G oauol dppRpPE WU PPN HFRPEREE

0.0000]0.0000(|1.0409; 0.0000 |0.5530
.0200| .1958; .9158; .1l1l06( .5522
.0766| .3660| .7859| .2206| .5472
.1647| .5103| .6582| .3289| .5344
.2791; .6298| .5379| .4337| .5ll4

Q

0.0000]0.0000|1.3644 (0.0000:0.5976
.0262( .2563(1.1918| .1195| .5965
.1000| .4748| .9898| .2382| .5895
.2134| .8517] .7799| .3545| .5716
.3580| .7874| .5799| .4659( .5401

.4151| .7262| .4288| .5328| .4773
.5682| .8022| .3331]| .6239| .4327
.7348| .8605| .2521} .7053| .3799
.9114| .2040| ,18586] .7756| .3223
1,0956( .9356; .1329) .8341| .2637

.5258| .8852( .4029]| .5696| .4946
.7099| .9905| .2574| .6630( .4372
.9044|1.0115| ,1466) .7440( .3721
1.1049(1.0200| .0690| .8116| .3044
1,30821.0210] .0200) .8659| .2391

1,2851] .9579| .0925| .88l2| .2079
1.4783| .9733| .0625( .8177| .1577
1.6740| .9835| .0410| .9448)] .1151
1.8714) .9901| .0260; .9642] .0807
2.0699| .9942| .0160| .9776| .0544

.0070f .9077| .l803
.0187| .9386( .1306
.0908
.0187| .9756} .06086
.,0145| .9854; .0389

1.5124 {1.0182
1.7163|1.0141
1.9195(1.0100
2.1219 {1.0087
2.3236 {1.0042

LI I I I |
o
Q
N
o}
[
-
[7e]
[
Q
2]

O OOPNO OOPNO OORNO OOPRNO OO OoOEIN

2.2690(| .9967| .0096| .9865| .0353
2.4685| .9982( .0055| .9921| .0220
2.6683] .9990| .0031{ .9956| .013lL
2.8681| .9995( .001l7| .9976| .0076
3,0880( .9997| .0009]| .9987 .0042

.0103| .9916) .0239
.0068| .9953| .0l42
. 0081
.0024( .29871 .0044
.0013] .9994( .0023

2.5247 |1.0025
2.725311.0014
2.9257 [1.0008
3.1259 {1.0004
3.3260(1.0002

1 1 61
o
o
>
n
1]
©
~1
ol

3.2680( .,9999| .0004| .9994| .0022
3.4880| .9999| .0002| .9997; .001l
3.6680| .9999| .0001| .9999| .0QQ06&
3.8680|1.0000| .0000! .9999| .0003
4,0680(|1,0000| .0000(1.0000{ .000L

3.5261(1.0001|-.0007| .9997] .00l2
3.7261 (1.0001 . 0006
3.9261 [1.0000|~.0002| .9999; .0003
4.1262{1.0000( .0000{1.0000| .0001
4.3262{1,0000( .0C00[1.0000| .0001

1
.
g
>
.
[{e]
[4e]
w0
(Vo]

4,2880(1,0000| ,0000(1.0000}{ .QCOO
4,4680{1.0000| .0000(1.0000] .0000
4.6680|1.0000( .0000{1.0000| 0000
4.867911.,0000| .0000/1.0000 )| .0000
5.06791.0000| .0000|1.000C| .CO00

4,5262|1.0000] .0000{1.0000| .0000
4.7262(1.0000| .0000[1.000G; .0000
4.9262|1,0000{ .0000|1.0000| .00CO
5.1262{1.0000| .0000(1.0000| .0000
5.3262|1.0000| .0000|1.0000| .COOC

o oo bR IO PPN ONY HEPHH

5.5262[1.0000| .0000!1.0000{ .COCO 5.2679{1.0000]| .0000{1.0000{ .CO00

2eTy
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TABLE I. - Continued. STAGNATION-LINE FPLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

t t ty t
W Q o}
T = 0.5; = 1.6 To = 0.5; = 2,2
o} No 0 EEO

n £ £ " e 61 n L £ " e et
0 0.0000(0.0000{1.2062]0.0000|0.5728 o] 0.0000|0.0000(1.4406}0.0000|0.5986
.2 .0230| .2247;1.0394} .1145| .5719 2 0273 .2654|1.2111| .1197| .5975
.4 .0876| .4154| .8973| .2284| .5659 .4 .1031| .4841] .9760| .2386]| .5902
.6 .1869| .5720| .7005| .3403| .5509 .8 .2179| .6565| .7518| .3550| .5719
.8 .3143] .6965| .5469]| .4480( .5242 .8 .3628] .7863] .5506| .4664| .5398
1.0 4836 .7920| .4120| .5491| .4851 1.0 .5298| .8788|, .3803| .5700| .4939
1.2 .6295| .8827| .2988| .6413| .4350 1.2 .T123| .9407| .2446] .6632| .4363
1.4 .8073| .9130| .2080| .7226| .3768 1.4 9047 .9790) .1433} .7440} .3712
1.6 .9936( .9473] .1385| .7918| .3148 1.6} 1.1028]1.0001} .0730( .8115| .3037
1.8 11.1855| .9697f .0880| .8485| .2532 1.811.3040(1.0098| .0283| .8657| .2387
2.0 ]1.3809| .9836| .0531| .8933| .1959 2.0| 1.5063|1.0127( .0029| .8074] .1803
2.2 |1.5786} .9917| .0302| .9273| .1480 2.2 1.708811.0119(-.0091] .9384]| .1307
2.4 11,7774 .9962| .0160f .9522| .1042 2.4 | 1,9110({1.,0096{-.0122]| .9604| .0910
2.6°11.9769| .9985| .0078| .9696| .0716 2.6 | 2.1126|1.0070|~-.0124] .9754]| .0808
2.8 12,1767 .9996] .0034| .9813| .0472 2.8 ] 2.3138(1.0047]|-.0100} .9853| .0391
3.0 [ 2.376711.0000| .0012| .988%| .0300 3.0 2.5146(1.0030(-.0072| .9915| .0241
3.2 12.576711.0001] .0003| .9937| .0183 3.2 2.7150|1.0018(-.0048| .9953] .0143
3.4 12.7767|1.0002}-.0001| .9965( .0107 3.4 | 2.9153]1.0010(-.0030| .9974| .0082
3.6 12.9768|1.0001|-.0001L| .9982( .0060 3.6 3.115511.0006|-.0018| .9987| .0045
3.8 3.1768|1.0001}~-.0001| .9991| .0033 3.8 | 3.3155[1.0003|-.0010| .9993| .0023
4.0 3.3768|1.0001(-.0001] .9995} .0017 4,0| 3,5156(1.0001|-.0005| .9997| .0012
4.2 13.5768(1.0001( .0000} .9998| .0008 4.2 3.7156|1.0001|-.0003| .9998| .000&
4.4 |13.7768|1.0001| .0000( .9999| .0004 4.4 | 3.9156]1.0000|-~.0001{ .9999| .0003
4.6 | 3.9769]1.0001| .0000(1.0000| .0002 4.6 4.1158]1.0000| .0000{1.0000)] .0001
4.8 | 4.,1769}1.0001| .0000(1.0000| .0001 4.8 4.315611.0000| .0000|(1.0000| .0000
5.0 | 4.3769(1.0001} .0000|1.0000{ .0000 5.0 | 4.5156|1.0000| .0000|1.0000| .0000
5.2 4.5769(1.0001| .0000{1.0000| .0O00| [5.2| 4.7156(1.0000| .0000}{1.0000| .000O
5.4 | 4,7769|1.0001| .0000;1.0000( .0000 5.4 | 4,9156{1.0000| .0000}[1.0000| .0000
5.6 |4.9769]1.0001| .0000(1.0000{ .0000 5.6 | 5.,115711.0000| .0000(1.0000| .0000
5.8 | 5.1770[1.0001| .0000|1.0000Q| .00CO 5.8 | 5.3157[1.0000| .0000|(1.0000]| .0000
6.0 5.3770|1.0001| .0000(1.0000| .00Q0 6.0 | 5.5157|1.0000( .0000]|1.0000} .0000




NACA TN 3988

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

by to Ty to
= 0.5; = = 3.0 A = 0,5; —— = 4.0
To = %o F g
n £ £r £ 8 o n £ £t £ 6 gt

(o]

O OHENO OOPNO OORNO OERNO OARNO OOEN

a s s e » " 0 " s e a o = « & s a e « s o

o oo Bk GINHOAG PPN HEEE

0.0000| 0.0000]2.0785|0.00000.6583
.0389( .3744}1.6608| .1318( .65786
.1441) .6640}1.2386] .2624) .6463
.2990| .8720} .8491| .3892| .6187
.4881|1.0076f .5184| .50868| .5721

o

0,0000|0.0000]1.7341.10.0000(0.6280
.0328f .3158|1.4210| .1255| .6266
.1221) .5680|1.1024) .250Ll| .6175
.2557 .7581| .8035| .3716; .5950
.4216] .8919| .5425| .4870j .5563

.6982(1.0842| .2604| .9168] .5083
.9189)1.1168| .0783| .7111l| .4324
1.1430{1.1200|-.0350| .7895| .3519
1.3658[1.1065]|~-.0926| .8520| .2738
1.,5851|1,0856|-,11058| ,8995| ,2038

1.8000/1.0638{-.1043] .9342| .1453
2.0108} 1.0446{-.0862| ,9585| .0992
2.2182[1.0295|-.0649( .9747( .0650
2.4229(1.0185) -.0454| .8852| .0409
2.86258/1,0111|~-.0298] .99168| .0247

2.8275[/1.0063;{-.0185]| .9954} .0L43
3.0284) 1.0035]~.0108| .9976; .CO80
3.2290|1.00181-.0061| .9988| .0043
3.4293( 1.0009| ~.0032| .9994} .0022
3.6294] 1.0004|-.0017| .9997] .0C010

.6094| .9784( .3303| .5931| .5020
.8105|1.0276| .1708| .6870( .4356
1.0186|1.0492| .0610| .7669| .3628
1.2293]|1.0548|~-.0058| .8321) .2898
1.43989]11.0498|-.0398; .8832| .2219

1.6490|1.0403{-.0513| .9215| .1629
1.8560|1.0301)-.0493] .9490} .1148
2.06111.0210]-.0402( .9681| .0776
2.2646/1.0138|-.0308( .9807| .0503
2.4668)1.0086|-.0214| .,9887| .0314

O OOPRNO COPNO OORNO OOPRNO OOARNO OMRN

2.6681|1.0086]|-.0140} .9937| .0188
2.8689)1.0051|-,0086} ,9968| .0108
3.0694)|1.0029;-.0050} .9982| .0060
3.269611.0016|-.0028| .9991| .0032
5.469711.0008]-.0015] .9996| .0016

3.8294|1.0001|~.0008| .9999] .0005
4.0295)1.0001| -.0004)1.0000] .0002
4.2295}1,0000|-.0002{1,0000| ,C00L
4.4295(1,0000|~.0001{1.0000| .0000
4.6295/1.0000| .0000(1.0000| .0000

3.6688|1.0004}-.0008| .9998} .0008
3.8698)1.0002)~.0004| .9998| .0004
4.0698|1.0001|-.0002]1,0000| .000L
4,2698}1.0000|-.0001j1.0000) .000L
4.4698|1.0000{ .0000|1.0000| .00CO

4.8295]1.0000| .0000/1.0000| .0000C
5.0295|1,0000| .0000{1.0000}{ .0000
5.2295|1.0000( .0000|1.000Q0] .0C000
5.4295]1,0000] .0000|1,.,0000| .000C
5.6295]|1.0000{ .0000|1.0000{ .0000

4.6698|1.0000{ .0000|1.0000| ,0000
4.8698!1.0000( .0000|/1.0000| .0O0O
5.0698]1.0000| .0000{1.0000( .0000
5.2698/1.0000| .0000}{1.000C| .00Q00C
5.4698(1.0000| .0000|1,.000C| .0000

O U kP RO PPN RPN

5.6698)1,0000] .0000{1.0000) .0Q00 5.8295[1.0000| .0000|1.0000] .0000

ZQI? Y
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TABLE I. - Contlnued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER CF 1

T ) by 50
= 0.5; T = 6. = 0.75; §— = 1.2
To = 0% < ¢ 5 17 Ry
n £ £ i @ e n £ e e e A
0 0.0000|0.0000{2.8663|0.0000(0.7213 o] 0.0000{ 0.0000|1.2059| 0.0000|0.5995
.2 .0529| .5060}2.1868| .l1441| .7187 .2 0229 .2230(|1.0244| .1139| .5686
o4 .1933| .8749|1.5090| .2865| .7021 o .0868} .4100( .8469 .2271] ,5628
.6 «394371.1145| .9042] .4234| .6626 .6 .1846] .5626| .6814] .3384| .5480

.6318]1.2445| .4183| .5498| .5982 .8 .3098( .6837| .5332| .4455] .5218

4563} .7772| .4054] .54863| .4834
6191} .8473| .2993| .6382| .4342
.7940[ .8983| .2142} .7194| 3771
.9775| .9343| .1484| .7887| .3158
1.1669| .9588| .0995| .8458| .2550

.8866)1.2910| .0709| .6613] .,5140
1.144611.2817(~-.1423| .7548| .4195
1.397311.2414| -.2440| .8282| .3253
1.6404(1.18935|-.2657| .8855] .2401
1.8731|1.1382]|-.2396| .9261| .1689

1.3604| .9750| .0645; .8910] .1980
1.5566| .9853] .0403| .9255| .1479
1.7543] .9917) .0243| .9507] .lo62
1.9531| .9954| .0142{ .9685| .0733
2.1524| .9976| .0079] .9806| .0487

2.0963|1.0948}~-.192)| .9541| .1136
2,3117|1.0615| ~-,1411| .9725| .0731
2.5215]1.0379| -.,0964| .9842| .0451
2.7274(1.0223| -.0619| .9912| .0267
2.9308{1.0125{-.0375| .9953| .0152

2.3520( .9988| .0043} .9885| .0310
2.5518( .9994|,.0022| .9934| .0190
2.7518( .9997| .0011l| .8963| .0112
2.9517| .9999| .0005| .9980| .0063
3.1517] .9998| .0002] .9990| .0034

3.1327{1.0067(~.0216( .99768| .0083
5.3337(1.0034(-.0119| .9988| .0043
3.5342|1.0017(-.0062]| .9994| .0022
5.734411.0008| -.0031| .9997( .001l
3.9345(1.0003(-.0015| .9999] .0005

3.3517(1.0000| .0001{ .9985| .0018
3.5517(1.0000| .000C| .9998| ,0009
3.7517|1.0000 | .0000| .9999| .0004
3.9517|1.0000| .0000{1.0000] ,0Q02
4.1517|1.0000{ .0000|1.0000{ .0001

4.1346|1.0001|-.0007| .9999| .0002
4.3346]1.0000{~.0003{1.0000| .0001
4.534611.0000(~.0001|1.0000| .0000
4.7346(1.0000;-.0001(1.0000( .0COO0
4.9346(1.0000f .0000{1.0000| .0O000

O OMPNO OARNO OOPRNO OORNO OOPRNO ®

4.351711.0000| .00C0{1.0000| .0000
4.5517{1.0000| .00Q0|1.0000| .0C00
4.7517{1.0000{ .0000:1.0000| 0000
4.9517{1.0000| .0000(1.0000| .00O00
5.1516(1.0000| .0000{1.0000| .0000

5.1346{1.0000| .0000{1.0000) .0000
5.3346(1.0000! .0000[1.0000( .0000
5.5346(1.0000] .000C(1.0000| .0Q00
5.7346|1.0000( .0000{1.0000| .0O0O
5.9346|1.0000| .0000|1.0000| .00Q0

O OOPNO OORNO OORNO @OARNO OOPRNO

o oo PR RO PDONONND HEMFR
O ool RePrPpPRk NOIWAONW PPN RPRERP

6.1346] 1.0000( .0000(1.0000]| .00Q0 5.3516(1.0000| .0000/1.0000 | .0000
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

t t t %
1% = 0.75; -2 = 1.8 —-"("; = 0.75; ?O—— = 2.2
"o No
n T £ £ P gt n £ £ £ ) o

Q

a0 e 4 . " s e e » “« 0 e e o s a e s
O OPNO OOPRNO OOHOPRNO POBRNO OOBRNO OO

o oo PR HOIWWWH DPDOODNONY HERHRH

0.0000{ 0.0000}1.711070.0000|0.6212
.0320; .3090}1.3790| .l242| .6199
1192 .5524|1.05%2| .2474| .611l1
.2489| .7347| .7708| .3877] .588%4
.4096] .8636| .5254| .4821| .5520

(]

0.0000}0.0000|1.4153|0.0000(0.5921
.0267| ,2589(1.1735| .1184| .5910
.1004] .4699| .9388| .2360| .5840
.2117| .8357| .7231} .3512| .5663
«3520| ,7610| .5347| .4617| .5355

.5914| .9482) .3294! .5875( .4996
.7866] .9988) .1829] .6812| .4354
.98982|1.0243| .0816| .7612| .3646
1.1953|1.0357| .0182| .8270} .2930
1.4021(1.0335|-.0163| .8787| .2260

.5137| .8518| .3777| .5645| .4913
.6908) ,9142) .2532]| .6574) .4356
.8780| .9550| .1l587| .7383| .3724
1.0717( .9798] .0932( .8062| .3065
1.2692( .9937| .049C| .8610( .2425

1.6084(1.0285|-.0308| .8179| .1673
1.8134(1.0220|-.0331| .9463| .1188
2.0172/1.0187|-.0290| .9661| .0810
2.2198}/1.0105|-.0225( .9794| .0530
2.4215(1.0067;{-.0161| .9879| .0333

1.4687(1.0006| .0218] .9036| .1844
1.6692(1.0032| .0085] .9353( .1348
1.8699[1.0037|-.0009| .9581| .0946
2.,0706!1,0032|-.0037{ .9738| .08638
2.2711]1.0024 (-.0041 | .9842| .0413

2.6226(1.0040(~.0107| .9931| .0201
2.8232(1.0023{-.0067| .9963| .0117
3.0235(1.0013}~.0040| .9980Q| .0065
3.223711.0007(-.00221 .3990( .0035
3.4238/1.0003]-.0012]| .9995| .00L8

.0034| .9908| .0257
.0025| .9948| .0154
.9972| .0088
.0010| .9984| .0049
.0006) .9983| .0026

2.4715|1.0016
2.6718(1.0010
2.8720(1.0006
3.0720(1.0004
3.2721[1.0002

g

3.6239|1.0002}~-.0006| .9898; .0009
3.8239)1.0001]|~.0003| .9899| .0004
4,0239]|1.0000|-,0001|1.0000| .0002
4.2239|1.0000{~.0001|1.0000] .000OL
4.4239(1.0000| .0000{1.0000| .000Q0

4,6239}1.0000( .0000|1.0000| .0000
4.8239;1.0000) .0000|1.0000; .0000
5.0239{ 1.0000¢f .0000|1.0000| .0000
5.2239]/ 1.0000; .0000|1.0000) .0O0CO
5.4239[1.0000| .0000|1.0000| .0000

3.4721 .9996| .0013
3.6721{1.0001 .9998| .0007
3.8722{1.0000|~-.0001 | .9998 .0003
4.0722|1.0000) .0000(1.0000| .0001
4.2722|1.0000| .0000|1.0000| .0001

-
o
3
=

11

80

3]

SR

O OO WOPNO OOBRNO CORNO OORNO OO

4.4722(1.0000] .0000(1.000C| .0000
4.8722(1.0000] .0000]1.0000( .0000
4.8722(1.0000| .0000!1.0000{ .0000
5.0722{1.0000] .0000|1.000C| .0000
5.2722{1.0000| .0000|1.0000| .0000

o guaol e RN PO RPHEEP

5.472211.0000| .0000|1.0000| .0000

5.6239|1.0000| .0000(1.0000( .0OCO

7CTH
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

t t t t
= = 0.75; =% = 3.0 2 _1.0; -ti-= 1.1
0 tNO 0 Ng
n £ £ | opw 8 a1 n r £ £ 8 g
o | 0.0000}0.0000]2.0802]0.0000]0.6541] |0 | 0.0000]0.0000]1.2989|c.0000]0.5776

.0245| .2379|1.0810| .1155| .5767
.0923| .4332} .8747) .2303| .5703
.1952] .5891| .6880] .3430| .5545
3256 | .7100| .5256| .4513| 5265

.0386) .3708|1.6278| .1307| .6524
.1424) .6525|/1.1961; .2603| .6413
.2942| .8525| .8139| .3862| .6143
.4788| .9825| .4987| .5048| .5688

4772) .8011]| .3896) .5527| .4861
.6444| .8676| .2798| .6450| .4346
.8229| .9146; .1944| .7261| .3753
1.0093( .9468| .1305; .7949| .3125
1.2008| .9680| .0844| .8511| .25086

.6835§1.0569} .2579) .6128) .5066
.8988]1.0905] .0896| .7068| .4325
1.1179)1.0969)-.0150; .7852| .3535
1.3366(1.0878] -.0694] .8481l| .2766
1.5526|1.0715] -.0884( .8963] .2072

1.3960( .9815| .0525) .8954| .1833
1.5832( .9837) .031l4} .9289| .1434
1.7916] .9945| .0180} .9533| .1022
1.9909 | .9972] .0098]| .9704} .0700
2.1905{ .9987| .0051| .9819| .0461

1.7651|1.0538]-.0855| .9317| .1487
1.9743{1.0380)~-.0718| .9566| .1023
2.1805(1.0253| -.0547 | .9734| .0675
2.3846(1.0160] -.0386; .9843| .0428
2.5871}1.0087}-.0255] .9910| .0260

2.3903 | .9994| .0025| .9893| .0292
2.5802| .9997| .0012] .9939| .0177
2.7902| .9999; .0005| .99867| .0104
2.9901 [1.0000| .0002} .88982| .0058
3.1801{1.0000} .0001} .9991| .0031

2,.7886811.0056|-.0158| .9951| .0152
2.9895(1.0031{~-.0094| .9974| .0085
3.1899)1.0016| -.0053] .9987| .0046
5.3902]1.0008| -.0029| .9893; .0024
3.5903[1.0004} -.0015| .9997] .0012

O OORNO OOWPNO OOPRNO OOPNO OOPNO OOPN

3.3901(1.0000| .0000| .9996| .0016
3.5901|1.0000] .0000| .9998| .0008
3.7901(1.0000| .0000]| .9999( .0004
3,9901[1.0000; .0000|1.0000( .00Q02
4.1801(1.0000] .0000}1.0000} .0001

3.7904{1.0002| -.0007} .9999{ .0006
3.9904}1.0001| -.0003| .9992| .0003
4.1904|1.0001|-.0001(1.0000| .000L
4.3904]11.0001| .0000(1.0000| .0001
4.5904)1.0001] .0000]1.0000| .000Q

4.3901{1.0000]| .0000|1.0000| .0000
4.5901 (1.0000| .0000|1.0000| .0Q00C
4,790111.0000) .0000)1.0000| .0000
4.9901{1.0000| .0000|1.000Q0| .000C
5.1901]1.0000| .0000;1.0000] .0Q00C

4.7905{1.0001] .0000|1.0000C; .0000
4.990511.0001| .0000(1.0000| .000O
5.1805§1.0001] .0000}1.000C] .00CO
5.3905§1.0001] .0000|1.0000]| .0000
5.5905|1.0001] .0000|1.0000| .0Q0Q0

O o i IO DO HE
O OOPENO OOPRNO OORNNO OCOBRNG OOBRNO OOPRN
o oo e TIOIHO NDPOON KR FHE

5.7905{1.0001] .0000/1.000C| .0000 5.3801|1.0000| .0000|1.0000| .0000
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TABLE I. - Continued. STAGNATION-LINE FLOW. SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

t t €
W 0 W 0 -
= 1,0 —— = 1,2 —_— = 1,0 —— = 1,5
to a ' t TE
n £ bl £ e a1 n t b £ e et 3]

o

. % e o
[eeX o B2 o)

@Ok O

MRONRON R
[N N\ VY o)

M OOOG bR TR KRN
O ORNO OOPNO OORNDO

0.0000]0.000011.364070.0000]0.5845 0 0.0000(0.0000/1.5535|0.0000(0.6035
0257 .2489|1.1265| .1168| .5834 .2 .0291| .2809(1.2569| .1206( ,6023
.0965| .4515| .9020| .2330| .5768 o4 .1085( .5040! .,9785| .2405( .5945
.2034| .6112f .6999] .3469 .5600 .6 .2272| .6743| .7309] .3577| .5752
.3385| .7333| .5254| .4561| .5307 .8 .3752| .7989! .5152| .4696| .5418

.5442| .8855]| .3523] .5735]| .4944
<7274 .9424( .2231{ .6666| .4354
9197 .9772( .1299; .7472] .3694
1.1173| .9964]| .0668| .8l42| .3013
1.3176)1.0055| .0275| .8679| .2362

.4946] .8234| .3808| .5583| .4884
.6661| .8875} .2658( .6508| .4350
.9483| .9315| .1780f .7317| .3739
1.0377} .9603| .1140( .8001| .3097
1.2317| .9784| .0694] .8557} .2468

1.51911.0085! .0053( .8091| .1779
1.7208]1.0084|~.0053| .9396| .1286
1.,9223(1.0069|~.0090] .9613| .0894
2.,1235|1.0050}~.0090| .9760| .0596
2.3244(1.0034|~.0073| .9857| .0382

1l.4286( .9891| .0399| .89892| .l892
1.6271| .9950] .0214( .93189{ ,1394
1.8284] .9981) .0105{ .9555( ,0987
2.0262! .9995| ,0045( .9720| .0671
2.2262(1.0001| ,0015]| .9829 .0439

2.524911.0021(~-.0054| .9917| .0235
2.725211.0012|-.0036| ,9954| ,0139
2.9254|1.0007|~.0023| .9975| ,0079
3.1255(1.0003|~-.0014] .9987| .0043 .
3.3265]1.0001)-.0008 .9994| .0023

2.4262(1.0002| .0002| .9900; .02786
2,6263{1.0002|-.0003| .9943| .0166
2,8263]1.0002}-.0003| .9969] .0096
3.0263(1.0001|-.0003]| .9984| .0054
3.226311.0001(-.0002( .9992] .0029

MO ©COANO OORNO OO

3.5255)1.0000|-.0005¢1 ,9997( ,0011

5.4263(|1.0000|~.0001| .99%6| .0015
3.7255) .9999|-.0003| .9999| .0008

3.626411.0000|-,0001| .9998! .0007
3.826411.0000( .0000{ .9999| .0003
4.026411.0000f .0000{1.0000| .00C2
4.226411.0000( .0000(1.0000{ .0001

R RO PN R

4.4263]11.0000| .0000|1.0000| .0000
4£.6263{1.0000f .0000|1.0000) .0000
4,8263|1.0000| .0000]1.0000| ,0000
5.02631.0000] .0000|1.0000; .0000
5.226311.0000 .0000|1.0000{ .0000

5.4263(1.0000] .0000|1.0000| .0000
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER F 1

tw to Sy to
= 1.0; =1.8 =1.0; — = 2.0
o ’ tNO T -
0
n £ £1 £ 8 g n £ £t £ 8 6!
o | 0.0000|0.0000]1.6149]0.00000.6094| [0 | ©.0000|0.0000]1.8532(0.0000(0.6313

.0344| .3309(1.4583| .1262| .6298
1272 .5852§1,0910( .2514] .6202
.2639| .7704] .7698| .3733| .5968
.4315| .8989| .5051| .4890| .5569

.0302| .2912|1.2987| .1l218| .6082
.1124] .5208{1.0024| .2428; .6000
.2348| .6944| .7398| .3610} .5799
.3869| .8195| .5188| .4738§ .5452

.6195| .9764( .3000| .5951| .5015
.8197|1.0207| .1520| .6888| .4344
1.0261|1.0405]| .0538| .7684| .3612
1.2349|1.0449]-.0044( .8333| .2881
1.4435(1,0407]|-.0331 | .8840| .2204

.5599| ,9049( .3423| .5781 | .4961
.7468| .9593| .2089| .6714 | .4354
.9422( .9910| .1143| .7518 | .3678
1.1422|1.0071| .0520| .8184 | .2986
1.3444|1.0134| .01468| .8714 | .2329

1.6509|1.0329|-.0425| .9221{ .1617
1.8567|1.0245|-.0406( .9484; .1139
2,0608(1.0170}-.0335| .9683| .0770
2.2636(1.0112}{-.0251( .9808| .0499
2.4654 (1.0069(-,0174| .9889] .0311

1.5472}1.0141|-.0050| .9120| .1744
1.7499}1.0127|-.0131( .9418| .1254
1.9520|1.00983|-.0145| .9629 | .0866
2,1536|1.0066]|-.0126( .9771] .0575
2.3547|1.0043|-.0097| .9864 | .0366

2.6664(1,0041{-.0114| .9937| .0l86
2.8671(1.0023[-.0070| .9966} .0107
3.0874(1.0012|-.0041| .9982; .0059
3.2676(1.0006|-.0023] .9991 .CO31l
3.4676(1,0002|-.0012| .9996} .0016

2.5554{1.,0027|-.0068( .9922; .0224
2,7558/1.0016{-.0044( .9957-} .0l32
2.9560]1.0009|-.0027( .9977( .0075
3.1562/1.0005|-.0016( .9988 | .0041
3.3562|1.0002|~.0009( .9994| .0021

3.6677{1.0000|-,0007( .9998| .0008&
3.8677| .9999|-.0004| .9999| .0004
4.0876| .9999|-.0002(1.0000} .0002

3.5563|1.0001|-.0005| .9997| .00ll
3.7563|1.0000]|-.0002( .9999| .000S
3.9563[1.0000}-.0001(1.0000! .0002
4,1563]1.0000{-.0001{1.0000 | .0001
4.3563|1.0000| .0000(1.0000| .0000

P Al PPN HEHEH
RO OOPRNO OO0 OO oM

O ORNO OOPRNO OOAPRNO OOERNO OOPRNO oo N

4.,5563{1,0000| .0000|1.0000( .000C
4,7563[1.0000| .0000|/1.0000( .0000
4.,9563}1.0000| .0000|1.0000( .0000
5.1563|1.0000| .0000|{1.0000| .00CO
5,3563|1.0000| .0000{1.0000| .0C0O

o goen e OO PPN FPRERR

5.5563{1.0000| .0000|1.0000| .0000




RACA TN 3986

TABLE I. - Contlnued. STAGNATIOR-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

t t t t
W 0 W 0
= 1,0 —m— = 2,2 = 1.0y ——=3,0
To = 105 g . To = 1% g -
0 No ° No
n] ¢ £ £n o 6 n| ¢ £ gn o o

o

Py P a e e s o a s s s s s 0
O OOPNO OO 0‘)0’):#[\)0 ORHPNNO OO OJOI;FI\)

G U0 PR QOO DODDRN R

0.0000[0.0000{1.9684 [0.0000 [0.6413 0 0.0000]0.0000| 2.4086{0.0000(0.8770
.0365| .3500}1.5343| .1l282| .6397 .2 0442 .4222]1,.8178] ,1353| .6750
1344 .6158|1.1317| .2553| .6285 .4 1613} .7304(1.2760| .2692| .6619
.2778| .8062| .7819] .3790| .6044 .6 .3297| .9380| .8l438| .3988| .6306
.4526| .9328| .4962| .49539| .5621 .8 .5310(1.0628; .4508| .5201] .5789

L7507 11,1249 .1865; .6292] .5093
.9781(1.1435| .01L36| .7231| .4285
1.2063(1.1353] -.0836{ .8003( .3444
1.4314)1.1137(-.1246| .8611| .2645
1.6516(1.0878| -.1288{ .9068( .1943

.647611.0092f .2781| .6027| .5037
.8539)1.0483| .1239, .6966| .4335
1,0853|1.0623( .0249| .7757| .3578
1.277871.0611|-.0305! .8398| .2831
1.4892(1.0522] ~.0546| .8894 | .2146

1.8667{1.0635|-.1129( .9397| .1367
2.0773]1.0433; -.0889| .9624{ .0921
2,2843|1.0279| -.,0645 ..9774| .0596
2.4888(1.0172| -.0438| .9869| .0370
2,6914|1.0101| -.0280| .9926| .0220

1.6985(1.0406(~-.0588( .9263( .1561
1.9055|1.0294] -.0522| .9526{ .1088
2.110411.0200{-.0412| .9706( .0728
2.3137(1.0129| -.0299| .9824 | .0468
2.5157(1.0079|-.0203| .9898| .0289

2,8930|1.0059| ~-.0L70| .9860] ,0126
5.08938(1.0030| -.0980( .9979| ,0069
3.294311.0016] -.0054| ,.9890]| ,0037
35.4945|1.0008| ~.0028| .9995{ ,001%
3.694611.0004) -.0014| .9988{ ,0008

2.7170{1.0046| ~.0129| .9943| .01l71
2,9177(1.0026{ ~.0078| .9970| .0098
3.1181|1.0014| -.0045| .9984| .0053
3.3183(1.0007|~.0025| .9992 .0028
3.5184]1.0003|-.0013| .9996( .0014

3.8947}11.0001| -.0007] ,9899| ,0004
4.0947(1.000L1) -.0003( ,9992| ,0002
4.2947(1,.0000} -.0001|1.0000| ,000%
4.4947]1.0000[ -,0001;1,.0000| .0000C
4,.8947{1.0000] .0000|1.0000] .0000

4.8947(1.0000} .0000|1.0000| .0000
5.0947(1.0000| .0000[1.0000| .0000
5.2947|1.0000| .0000)1.0000( .000C
5.4947|1.0000] .0000}1.0000; ,0000
5.6947!1.0000] .0000|1.0000{ ,0000

3.7184|1.0002| -,0006| .9998| .0007
3.91841.0001{-.0003| .999% .0003
4.118411.0000f{~.0001}1.0000 | .0001
4.3184|1,0000[-.0001{1.0000| .0001
4.5184]1.0000| .0000{1.0000| .0000

O QOPNO OOAPNO OOPNO OOPERNO OO

4,7184]1.0000] .0000{1.0000| .0C0O0
4.918411.0000| .0000(1.0000| .0000
5.1184]1,0000/ .0000|1.0000| .0000
5.3184|1.000C( .0000{1.0000] .CO00
5.5164(1.0000( .0000|1.0000( .0000

o oot dddPP NEHWW PPOONON HHEHE

5.8947(1.0000( ,0000}1.0000{ .COQC

5,7184|1.0000( .0000(1.0000] .0COO

2cTy
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

tw to tw to
= 1,0 — = 4, =1.0; — = 6.0
T, F g ° to ' T,
n £ ki £ 8 er n kg 1 " [} et
0 0.0000{0.0000}2.9230{0.0000 [|0.7143 (0] 0.0000(0.0000{3.8711}0.0000|0.7742

.2 .0532] .5053(2.1371} .1427§ .7117 .2 .0695| .8555/2.6962( .1546| 7705
4 .19211 .8597(1.4243| ,2837] .8953 4 .247211.0872(1.6505( .3069| .7476
.6 .388411.0830| .8312{ .4183} .6566 .6 «.4917|1.3296| .8114| .4517| .6949
.8 .6184|1.2016] .3790| .5448| .5940 .8 7694 |1.4276| .2088| .5829| .6127
1.0 .8640|1.2440| .0684| .6558( .5122 1.0 ]1.0563)1.4283|-.1669] .6954; .5105
1.2]1.1128]|1.2372|-.1170| .7490( .4203 1.2 11.3371|1.3735|-.3537| .78586] .4018
l.4]1.3572{1.2037|-.2038| .8238| .3283 1.4 [1.6042|1.2959|-.4042| .8565| .2993
1.611.5936{1.1601|-.2224] .8808 ] .2444 1.6 11.85541.2173{~-.3712] .9073| .2117
1.811.8213|1.1173|-.2010; .9224| .1737 1.8 [2.0919]1.1497]1-.3012] .9425| .1426
2,0 | 2.04101.0808|-.1617}! .9523| .1180 2.0 12.316311.0974|-.2224| ,9656| .0917
2.2} 2.2542|1.0528|-.1193} .9706] .0768 2.2 |2.5318(1.0601|-.1524| ,9802| .0565
2.4 [ 2.4627(1.0328]|-.0820; .9828)] .047%9 2.4 |2,7412|1.0354|-.0979} .9890| .0333
2.6 2.6678{1.0194|-,0531| .9904| ,0287 2.6 {2.9466(1.0199;-.0594| ,9941( .0189
2.8 | 2.8707|1.0110}-.0325( .9948( .01865 2.8 |3.1496|1.0107|~-.0342| .9969| .0103
5.0 5.0724(1.0059|-.0189| .9973] .0091 3.0 [ 3.3511|1.0055{~-.0188| .9985| .0053
3.2 3.2733(1.0031|-.0104| .9986| .0048 3.2 | 53.5519|1.0028}-.0098] .9992| .0027
3.4 ] 3.4737(1.0015{-.0055| ,9993| .0025 3.4 | 3.7523(1.0013}~.0050] ,9996| .0012
3.6 3.8739|1.0007|-.0028| .9997| .0012 3.6 | 3.952511.0006| -.0025| .9998| .0004
3.8 | 3.8740|1.0003|-.0014] .9999! .0006 3.8 |4.1526|1.0003|-.0014| .9898| .0003
4.0| 4£.0741(1.0001}-.0006| .9999( .0003 4£.0 14.3527|1.0001|-.0001| .9898| .0002
4.2 4.2741]|1.0001}-.0002|1,0000 | .000L
4.4) 4.4741|1.0000(-.0001|1.0000| .0000
4.6 ) 4.6741)1.0000(~.0001|1.0000| .0000
4.8 4.87411.0000( .0C00|1.0000| .0000
5.0 5.0741|1.0000| .0000{1.0000 | .0000
5.2) 5.2741{1.0000| .0000(1.0000| .0000
5.4 | 5.4741|1.0000] .0000|1.0000| ,00C0C
5.6 5.6741(1.0000| .0000(1.0000| .0000
5.8 | 5.8741{1.0000] .0000(1.000C| .0000
6.0] 6.0741|1.0000| .0000|1.0000| .0C00
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TABLE I. -~ Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH FRANDTL NUMBER OF 1

Q. ogon Rk HOHWEMAOE DOROOY HHRRHP
O OOPrNO OORNO DOANO DOPNO ORENO

t t &
W 0 Ly 0
= 1.0; = 6.5 =10 T—— =11.0
7 H %N_o %o tNo
£ £1 £ 8 ot n f £ £y 8 ot
0.0000} 0.0000]4.0951(0.0000(0.787L| | O 0.0000 [0.0000(5.9629 [0.0000 |0.8808
.0734{ .6904|2.8234| .1572| .7832 2| .1047| .9757|3.8229| .1758| .8744
.260211,1390(1.6963) .3118| .7588 .4 | .3634|1.5496|1.9848| .3476| .8360
.5155|1,3843| .7992| .4585| .7026 .6 .7030|1.8006| .6093| .5072| .7521
.8038|1,4761] .1635/ .5908] .6180 .8 | 1.0687|1.8268|-.2673| .6458| .6300
.0|1.0993|1.4661|-.2239] .7035| .5092) (1.0 j1.4251|1.7230|-.7058| .7580]| .4908
.2 11.3866|1.3999(-.4073] .7941| .3971 [1.2|1.7544{1.5659|-.8231| .8425| .3589
.4 | 1.6580§1.3125|-.44688] .8629| .2928| |1.4 | 2.0514]1.4065{-.7489| .9022| .2437
.6 | 1.9118|1.2265|-.4016| .9123] .2048| |1.6 | 2.3187|1.2718|-.5914 | .9418| ,1573
.8 | 2.1496]|1.1542|-.3195] .9461| .1364| [1.8 | 2.5623|1.1706|-.4223| .9668| .0958
.0 | 2.3747]1.,0991|-.2323] .9681] .0868| |2.0|2.7890|1.1011|-.2784| .9818] .0565
.2 (2.5904|1.0604{-,1569! .9819| .0528| (2.2 | 3,0045(1.0587|-.1715| .9905| ,O317
4| 2.7997/1,0351[-.0995| .990Ll| .0308} [2.4 | 3.2129|1.0302|-.0995| .9952| .0170
.6 | 3.0050|1.0194|-.0596| .9947| .0173| 2.8 | 3.4173(1.0151|-.0545| .9977] .0087
.8 | 3.2078|1.0103|-.0339| .9973| .0093] (2.8 | 3.6194|1.0071]-,0282| .9990| .0042
3.4054|1,0052{~.0183] .9987| .0048| 3.0 | 3.8204|1.0029|-.0135| .9996| .0017
3,6101|1.0025|~-.0095| .9994| .0024| (3.2 | 4.0207|1.0009|-.0051| .9999| .0000

3.8105(1.0012|-.0047| .9997| .001l1
4,0106)1.0005{-.0022] .9999)] .0005
4.2107(1.0002]|-.0010| .9999{ .0002

4.,4107]1.0001{-.0005(1.0000| .000L
4.6107]1.0000{-.0002|1.0000( .0000
4.8107|1.0000{~.0001| 1.0000 | .0000
5.0107}1.0000{ .0000|1.0000( .0000
5.2107}1.0000] .0000|1.000Q( .0000

5.410711,0000{ .0000}1.0000{ .0000
5.6107]1.0000| .0000|1.0000( .0000
5.8107{1.0000| .0000|1.0000( .0000
6.0107|1.0000] .0000(1.0000| .0000
6.2107|1.0000{ .0000{1.0000]| .0000

€.4106(1.0000] .0000|1.0000| .0000C

A K4
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

t t t t
W o] W [0}
= 1,53 — =1,2 — =1.5} — = 1.6
-‘ro tNO to tNO
n f £t M e at n hig i £r e
Q 0.0000|0.0000|1.6641|0.0000}10.6109 (o] 0.0000)0.0000(1.9924{0.0000|0.6397
e2 .0309| .2975|1.3149| .1221) .8096 .2 0387 .3514)1.5280| .1278
.4 .1146| .5282| .9987| .2434} .6012 4 <1347 .6144)1.1117| .2546
.6 .2383| .6999| .7266| .3618| .5807 .5 2774 .8004] .7600| .3780
.81 .3912| .8221( .5035( .4747| .5455 .8 .4507| .9232] .,4798| .4946

.6434| .9970( .2701} .8012
.847211.0354( .1241| .6948
1.0560)1.0502| .0313| .7741
1.266311.0506|-~.0206| .8382
1.4758(1.0438(-.0437( .8880

.5645| .9045( .3294( .5990| .4959
.7511| .9568( .2005( .6723| .4349
.9458) .9873| .1105| .7525) .3671
1.1450;1.0031( .0519| .8190| .2978
1.3464)|1.0096| .0l69| .8719} .2322

ORPNO
O OOPRNO OORNO OCAPNO OOABRNO OOBNO

1.6836(1.0343-.0486( .9252
1.8896(1.2498}-.0438{ .9517
2.0937{1.0171}-.0349| .9699
2.2965|1.0111)-.0254| .9819
2.4983|1.0068(-.0173| .9895

1.5485|1.0109
1.7506|1.0097
1.9523]1.0075
2.1536]|1.0053
2.3545(1.0035

.0016| .9123| .1738
.0095| .9420| .1250
.0113{ .9630| .0863
.0101]| .9772| .0572
.0078| .9864| .0365

2.6994|1.0040}-.0111| .9942
2.9000§1.0022(-,0067| .996%9
3.1003[(1.0012(-.0039| .9984
3.3005(1.0006(-.0021] .9892
3.5006|1.0003{-,0011) .92996

0055} .9922} .0223
.0036} .9957| .0131
.0022| .9977| .0074
.0013| .9988| .0040
.0007| .9994] .0021

2.5551(1.0022
2.755411.0013
2.955611.0007
3.1557{1.0004
5.3558(1.0002

3.7006]1.0002;-.0006| ,.9988
3.8006|1.0001{-.0002| .9999
4.1007]|1.0000(-.0001]|1.0000
4.3007]|1.0000( .0000]1.0000
4.5007|1.0000( .0000|1.0000

3.5556(1.0001]-.0003| .9997| .0011
5.7558(1.0000}~.0002| .998%| .0005
3$.9558(1.0000({-.0001| .9999| .0002
4.1558|1.0000( .0000{1.0000| .0001
4,3558|1.0000( .0000|1.000C| .000Q0

4.7007(1.0000| .0000;1.0000
4.9007|1.0000f .0000[1.0000
5.1007|{1.0000| .0000(1.0000
5.3007]|12.0000| .0000|1.0000
5.5007|1.0000( .0000)1.0000

4.5558|1.0000| .000C|1.0000( .0000
4£.7558|1.0000| .0000|{1.0000| .0000
4.,9558|1.0000] .0000|1.0000( .0000
5.1558|1.0000( .0000(1.0000| .CO0O
5.355811.0000| .0000{1.0000| .0000

D Ao Rk INOWN DODODNON HERERHR
R OO R HOHWOHW PNMNDNON HHPE A

O OOPNO ORNO OORNO OORNO

5.5558]1.0000| .0000[1.0000] .0000 5.7007(1.0000{ .0000(1.000C
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

o oo ek UKW PPN HEHEEEFE
C oo OORNO OOPNO ONPRNO OORNO OO

t t t t
W Q W Q
= 1,5 — = 2,2 = 1.5} — = 3.0
T = LS gy T " Y Ty

T £ £ £u 2] e n by ! £ 2] o

0 0.0000(0.0000]2.4534|0.0000!0.687BL 0 0.0000(0.0000{3.0259 |0.0000(0.7163
. .0448| .4261(1.8168| .1351| .8740 2 .0547| .5173|2.1607) .1431)| .7136
. 1624 .7318|1.2532| .2688| .6608 4 .1961| .8716|1.4056] .2845] .6968
. .33068| .9339| .7880| .3982| .6295. «B8 .394311.0893) .7977| .4203] .8573
. .5306|1.0539| .4301] .5193| .5778 .8 .6249|1.2012( .3482) .5458) .5938

.8699(1.2385| .0481| .6566| .5115
1.,1172(1.2289|-.1253| .7497| .4193
1.3598|1.1947|-.2028 ] ,8243| .3273
1.5946(1,.1520|-.2153| .881l2| .2435
1.8208(|1.1107|~.1924| .22268| .1731

.748111.1129| .1762( .8281( .5085
.9730(1.1304| .0134| .7219( .4282
1.1187(1.1230|-.0766| .7992| .3446
1.4214{1.1033|-.1138} .8800| .2651
1.6397|1.0787|-.1172| .8059| .1952

2.0393|1.0760| -.1534| .9514| .1l1l76
2.2517)1.0414|-.1125| .9706] .0769
2.4596|1.0306| -.0770| .9829( .0478
2.664411.0181|-.0496] .9904| .0287
2.8671]1.0102|-.0303| .9948( .0165

.1024| .9389| .1377
.0805| .9618| .0831
.0584] .9770| .0603
.0397| .9866| .0376
.0254| .9925| .0225

1.8534|1.0575
2.0630(1.0392
2.28694(1.0253
2.4734{1.0156
2.8759({1.0092

3.0687|1.0055|-.0176| .9973| .009L
3.2695|1.0029| -.0097| .9986] .0048
3.4699(1.0014] -.0051| .9993} .0025
3.6701(1.0007|-.0026 .9997| .00l2
3.8702(1.0003! -.0012| .9998| .0006

.0154| ,99598] .0129
.0089] .9979| .0071
.0049] .9989; .0038
.0028] .9985| .0019
.0013| .9998| .0009

2,8773|1.0051
3.0780}1.0028
3.278411.0014
3.4786{1.0007
3.6787|1.0003

4£.0703{1.0001| -.00068| .9998} .0003
4,2703(1.0001| ~.0002}1.0000{ .000L
4.4703{1,0001(-.0001(1.0000| .0Q00
4.6703(1.0000| .0000|1.0000| .0000O
4.8703|1.0000( .0000}1.0000| .0000

.0006] .99939| .0004
.0002;1.0000| .0002
4.,2788|1.0000]-.0001j1.0000( .0001
4,4788(1.0000|-.0001}1.0000| .00CO
4.6788|1,0000{ .0000|1.0000{ .0COO

3.8788|1.0001
4.0788|1.0001

5.,0703|1.0000 .0000(1.0000{ .0000
5.2703[1,0000| .0000|1.0000! .0000
5.4703;1.0000| .0000{1.0000| .0000
5.6703;1,0000{ .0000|1.0000| .0000
5.8703|1,0000{ .0000]1.0000{ .0000

4.,8788{1.0000; .0000|1.0000] .0000
5.0788(1.0000] .00Q0|1.0000] .0000
5.2788(1.0000] .0000|1.000C]| .0000
5,.,4788(1,0000] .0000|1.0000| .0000
5.8788(1.0000; .0000{1.0000| .0000

o oaen ek ARWOIW PPN HERHRPH
O OONO OaPNO OORNO OO OO

5.8788|1.0000]| .0000(1.0000| .0000 8.0704(1.0000| .0000|1.0000; .0000
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TABLE I. - Continued. STAGNATION-LINE FLOW SOLUTIONS FOR YAWED INFINITE
CYLINDER WITH PRANDTL NUMBER OF 1

t & ty t
W Q Q
T = 2.0; tNo =1.0 . EB-- 2.0; tNO = 2.0
n- f £ g 2] ar n £ i) o 2] N
(o} 0.0000[0.0000]|1.7638 |{0.0000;0.6154 0 0.0000|0.0000{ 2.7262{0.0000}0.63931
.2 .0321| .3084|1.3526| .1230; .6140 2 .0493( .4676{1.9638}| .1385| .6808
4 .1185| .54392|1.0114| .2451| .6053 .4 L1775 .7925|1.3058| .2755| .8760
.6 .2455] .7165| .7232| .3643| .5840 .6 .3584( .9986| .7777| .4076| .6412
.8 .4016] .8370| .4915| .4777) .5476 .8 .5708[1.1127| .3846| .5305| .5845
1.0 .57768] .9167| .3142! .5824] .4987 1.0 .7991|1.1609| .1168| .e401| .5098
1.2 .7663F .9659| .1857}| 6757} .4343 1.2 {1.0323]1.1665] -.0453| .7337| .4245
1.4 .9625( .9938( .0979 .7556| .3654 1.4 {1.2641)1.1481]-,1265] .8098| .3373
1.6 11.1628(1.0073| .0422} .8217( .2954 1.6 |1.4909]1.1196|-.1520] .8890; .2561
1.8]11.3648(1.0122{ ,0101 .8741| .2294 1.811.7118|1.0896|-.1439| .9130| .185%9
2.011.5673{1.0123;-.0081 | .9140[ .1711 2.0 1.9270|1.0631| ~.1198| .9443| .12392
2.2 ]1.7696]1.0104({-.0123| .9432| .1226 2.2 1 2.137411.0420| -,0906| .9656| .0860
2.4 11.9714(1.0078}{-.0130( .9637| .0843 2.4 | 2.3442(1,02687| -.0639| .9795| .0549
2.6 12,172871.0053}-.0111| .9776| .0557 2.6 | 2.5483(1.0161]| -.0423| .9882| .0337
2.8 | 2.3736]1.0034(-.0085| .9866| .0354 2.8 1 2.7509(1.0093] -.0265| .9934| .0l98
3.0 | 2.574111.0020(-.0059 | .9922| .0216 3.0 | 2.9523|1.0052| -.0158| .9965| .0112
3.2 |2.7744[1.0010|-.0040| ,9955( .0l1l286 3.2 | 3.1531|1.0028| -.0090| .9982| .0081
3.4 | 2.9746[1.0003|-.0026 | .9974| ,0071 3.4 | 3.3535|1.0014{-.0049] .9991| .0032
3.6 3.1746| .9999)-.0016| .9985| .0038 3.6 | 3.5537|1.0007|-.0025] .9995| .0016
3.8 | 3.7538|1.0003| -.0013| .9997] .0008
4.0 | 3.9538|1.0002| -.0007] .9998| .0003
4.2 |4.1539|1.0001] -.0004| .9899| .0000
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TABLE I.

- Concluded.

NACA TN 3888

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

t - S t
= = 2.0; 2 = 6.0
o] tNO :
n f £ £ 0 6!

o |0.0000|0.0000|5.9032|0.0000 |[0.8666
.2 | .1025| .9500|3.6549| .1730| .8605
.4 |- .3527|1:4913(1.8409| .3421| .8236
.6 | .6783{1.7214| .5479| .4995| .7435
.8 | 1.0274|1.7438|-.2461| .6370| .6270

1.0 | 1.3681|1.6502| -.6321| .7492| .4933

1.2 |1.6845|1.5100|-.7325| .8346| .3633

1.4 |1.9721|1.3682|-.6667| .8957 | .2519

1.6 | 2.2332|1.2480| -.5290| .9370| .1653

1.8 | 2.4732|1.1572| -.3809| .9635| .1032

2.0 | 2.6980|1.0943|-.2537 | .9797| .0615

2.2 | 2.9124|1.0536|-.1583 | .9891| .0351

2.4 [3.1205|1.0289|-.0931| .9944| .0192

2.6 | 3.3247|1.0148]-.0519| .9973| .0101

2.8 | 3.5268|1.0071|-.0275| .9987| .0050

3,0 | 3.7278|1.0031| -.0140| .9995| .0023

3.2 | 3.9282|1.0011|-.0071| .9998| .0007

2eT¥
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TABLE II. - STAGNATICN-LINE SCLUTIONS FOR YAWED INPFINITE CYLINDER WITH PRANDTL NUMEER OF 0.7

t t t
—E - N K —9— =1 B EE = 0N K. —gw = Z
Watdy = Lew = ey = g

Yo N ) 0 Nq .

3

r £ " g g 8 CE

=3

r £ £ g g' 8 g

o

... .... .. u .
O DOENO EOPNO DOPND DORNO OEHANS Do R

O UG b QUKRGIG MDD R

0,0000(0.0000]1.7009]0.0000|C.6252(0.0000/0.4350
.0320( .3096}1.3928| .1250| .6238| .0952] .4966
211971 .GE7211.0R611 24901 .R1G01 _19A2]1 _5B1E8

.2508| .7465| .8018| .3701| .53830| ,31l27| .5898
.4144) .BBO3| .5537| .4851| ,5550| .4324| .6020

o]

0.00C0 ]0.0000 1..1824[0.0000)0.5892]0.0000]0.4386

0226 .2201(1.0175; .1138| .5683| .0906] .4872
08581 _4088l .msopl .2070) .se25l .1meel 4922

vy L) =500 Pyatul 203 s =020 =

.1831l| .5606| .6898} .3382| .5479| .2869| .5088
.3080| .6836] .5429| .4454| .5218| .3893| .5126

o ® iR

s 2 0w

.60Q1( .9699| .3505| .5801| ,5017| .5513{ .5817
.BOOQ|1.02356| ,1946]| .68B0| .4382| .B6629| .5291
1.,0078|1.0507| .0B36| .7651| .3641| .7812| .4509
1.219111.05971 .0117] .83061 .2814| .B4251 .3587
1.4309|1.0575[~.0292| .8820! .2236| .9046( .2853

1.68417(1.0495|~.0475| .9206| .1644| ,9490| .1811
1.8506}1.0%594|~.0511| .9484) .1180| .9781, .1l286
2,0575]1.0295|-.0485| .9677| .0785] .9953| .0620
2.2625/1.0210(~.0381| .9805[ .0509[1.0040{ .0281
2.4680(1.0143]-.0290| .9886| .0318|1.C074| .0077

AB47 1 7790 | .4140| 5481} .4837| .4908] .4939
.6181 | ,B8508| .3053| .6381| .4346| .58B1| .4694
7937 | .9020| .2173| .7194) 3774 .6775] .4228
.9780| .93881 .1490| .78881 .3162] .7564| .35641
1.1684| .9632| .09B1| .B459| .2551| .68R227| .2983

1.3628| .9790| .0618| .8911| .1981| .8761| .2345
1.5596| ,9887| .0371| .92581 .1l479| .9169| .1750
1.7580| .9944] .0210| .9508] .1061| .9487| .1244
1.8572| .2975| .0111}| .9886| .0732| .8673| .0841
2.1569| .9991] .00b4| .9807| .0485| .9810| .0540

DRI
L1111

o [ RS R RO N R o AKX NN PHEEER
-
[o] oMo [1- 20 W Nel (- N0 v N e OM=N o Do O

2.3568| .9999| .0023| .9885| .0309| .9895| .0329 . 2.6684]1.0094|-.0208| .9936| .0190|1.0077|-.0029
2,b568)1.0001 | .0007| .9934]| .0189)| .9946] .0189 . 2.8699|1.0058]-.0142] .9985| .0109]1.0086]-.0072
2,7669 (1.0002] .0000( .9964] .0111[ .9976( .0Q1l02 3.0708|1.0036|-.0092| .9982| ,0060(1.0081|-.0078
2.9569 |1.0002 |-.0002( .9981]| .0083| ,9989| .00BL . 3,2714|1.0021|~,0058| .9991] .0032(1.0036|-.0068
3.1569|1.0002|~-.0002| .9880| .0034| .9986| .0023 . 3,4717|1.0012|-.0035| .9996| .0016|1.0024|-.0052
3.3570]1.0001 |-.0002} .9995] .0OLB| .9998] .0009 . 3,6719|1.0007]|-.0020] .9998| .0008|1,0015|-.00357
3.5570|1.0001 |-,0001]| .9998| .0009|1.0000| .0Q02 . 3.8720|1.0004|-.0011| .9999( .0004|1.000%8|-.0024
3.78701{1.0001 |~.0001| .9999| .0004}1.000]1 | .0000 - 4,0720|1.0002|-.0006(1.0000( .0002]|1.0005(~-.0015
3.957041.0001 | ,0000| .9999| .0002]1.0C001 (-.000L . 4,2721|1.0001|-.0003]|1.0000} .0001]1.0003~.0009
4,1570|1.0001( ,0000|1.0000| .0QOOL|1l.0000 |~,0001 . 4.4721]11.0001|-.0002(1.0000] .0000|1.0002(-.0005

4.6721|1.0000|-.0001|1.0000( .0000(1.0001]~.0003
4,8721|1.0000| .0O0O|1.0000] .QDOO|1,0000
5.0721|1.0000| .0000|1.0000| .0Q000|1.00Q0]-.0001
5.272111.0000| .0000]/1.0C00| .00Q0|1.0000| .0000

5.4721]1.0000] .0000]1.0000] .0000[1,0000| ,0000

4.3570]1.0001| .0000|1.0000| .00C0O|1.0000(-.0001
4.55711.0001| .000Q{1.0000| .00QO[1.0000| .0000
4.7571]1.0001 | .0000|1.0000| .0Q00|1.0000| ,00OQQ
4.957111.0C01 ) .0000|1.0000| .0000|1.0Q00| 0000

5,1571]1.0001] ,0000}1.0000] .0000]1.0000]| .0000

1
y

2

it

5.6721|1.0000] .0000|1.0000| .0000{1.00Q00| .0Q00

5.3871{1.0001] .000Q|1.0000| ,0000]|1.0000( .0Q000

2862 NI VOVN
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TABLE IT. - Contlnued. STAGNATION-LINE SOLUTIONS FOR YAWED TNFINITE CYLINDER WITH PRANDTL. NUMBER OF 0.7

Ty to taw ) g
%0 " 0,5; % = B.5 Insulated surface; o = 0.9444; t—No- =1.8; (= 0.8518
f bl £ g g' ] ' 7 £ £! £" g g! e 8!
0,0000][0.0000]2.8164]0.0000|0.7200|0,0000 |0.4717 0 0.0000]0.0000|1.5724[0,0000]0,6067|0.0000|0.0000
D820 J48T7012.15057 L1439 ,.7175; 1048 5752 .2 L0284 ,284411,2738; ,1213, .8055) ,0288; .2971
.1900| .8515|1.5030{( .2860| .7012| .2291| .6B39 4 .1099| .5107| .9930| .2418] .5976| .118B0| .5804
.3884]1.1032| .9307| .4228| .6623| .3679| .7167 .6 .2302] .6836| .T429| .3595| .5780| .2591 .8200
.6244|1.2410| .4683| .5493| .5988| .5121] .7155 .8 .38031 .8103| .5305| .4720| .5440| .4406| .9724
1.0 .8796|1.2987| .1294| .6610| .5153| .6501| .6550 1.0 .5518| .8985| .3585| ,5762| .4957| .6435|1.0302
1.2 { 1.1403|1.3006|-.0904] .7547| .42107 .7709| .0468 1.2 L7377| .9583] .2259] .6695| .4358| .B448[ .9646
1.4 1 1.397711 2891 1-.20911 82941 32868 86721 .4140 1.4 -9328F 99131 104921 _75001 _368811.02271 _7987
1.6 1.6469]1.2220|-.2519| .8859| .2409| .9366| .2820 1.6]1.133111,01004 ,0630] .8168| .3000(1.1606) ,5728
1.811.8863]|1.1716|~.2449| .9267| .l692| .9813| ,1695 1.8]1.3361}1,0181| ,0211| .8702| .2344(1.2506| ,3290
2,0| 2.1159|1,1257|-.2110| .9546| .1134|1.0065| .0855 2.011.540041.0197|-.0027| .9111| .1758[1,.2938| .1089%
2.2 2.3371|1.0878]-.1671| .9730| .0726(1.0174| .0302| |2.,2 1.7438]1.01768]|-,0142| .9412| .1266(1.2975]~.0612
2.4 | 2,6516|1.0588|~.1239| .9845| .0446(1.0189 |-.0013| |2.4 ] 1.9470|1.0145|-.0178| .9624| .0875|1.2733|-.1709
2.6 | 2.7812]|1.0378]|-.0869] .9914| .0262|1.0180 |-.0158 2.612.149611.011¢|-.0170] .9768| .0581)1.25329|~.2241
2.8 | 2.9672|1.0235]-.0581| .9954| .0148]1.0343 |-.0198 2.8 )] 2.3514|1.0078|-.0142| .9862| .0371|1.1866]~-.2329
3.0 3.1709 1.8531 -.0372 |.9977 .0080]1.0104 {-.0183} [3.0{ 2.5527|1.0053|-.Q109| .9921] .0227|1.1416|-.2126
3.2 3.3731|1. 2]|-.0220| '.9988| .0042]|1.0071{-.0146 3.2]2,7536|1.0035{-,0078] .9956| .0l34|1.1024[-.1773
3.4] 3.,5743|1.0048|-.0138] .9994| .0021|1.0046€ |-.0106 3.4 ] 2.9542]1.0022|~-.0053} .9977) .0076(1.0709|~-.1377
3.6 | 3.7750|1.0025|-.0078| ,99%7| .0010|1.0028 |-.0072 3.8} 3.1545]1.00131~-.0034; ,9988| .0041(1.0471[|-.1008
3.8} 3.9754|1.0013}-.0043| .9999| .0005|1.00Q17 |-.0046 3.8} 3.3547[1.0008|-.0021| .9994| .0021|1.0301|-.0702
4,0 4.1756]/1.0007|-.0023| .9999| .0002|1.0009 |-.0028 4.0 | 5.5548|1.0004(-.0013| .9997] .0011[1.01856|-.0466
4.2 4.3757[1.0004|-,0012|1.0000| .0001]|1.0005 |-.0016 4.2 3.7549(1.0002|-.0007| .9999{ .0005|1,0111-.0296
4.4 | 4.5757|1.0002|-.0006]1.0000| ,0000[1,0003 |-.0009 4,4 | 3.9549|1,0001|-,0004] ,9999( .0002|1.0064|-,0181
4.8 4.7757|1.00011-~.Q003|1.0000| .0000}1.0001 |-.0005 4,6 | 4,1550}1.0001[-.0002(|1.0000( .0001|1.0035(-.0107"
4.8 4.9758(1.0000]-.,0001]1.0000| .0Q00{1.0001 |-.0002 4.8 ] 4.3550|1.0000|-.0001|1.0000| .0000|1.0019|~.0061
5,0 | 5.1i%586(1.0000|-.0001)1,0000] ,0000(1.0000 -.0001] 5.0 4.555011.0000] .0000{1.0000] .0000(1.0010|~-.0033
5.2 5.3758|1.0000| .0000]1.0000Q| ,0000]|1.0000 (~.0001 5.2 | 4.7550{1.0000| .Q000|1.0000| .0000|1.0005|~.0018
5.4 | 5.5758|1.0000| .0000[1.0000] .0000|1.0000| .00CO 5.4 ] 4.9550(1.0000] .Q000[1,0000] .0000]|4.0002(~-.0009
5.6 | 5.7758|1.0000| .0000[1.0000| .0000|1.0000| .0000 5,6 | 5.1550|1.0000{ .0000|1.0000| .0000{1.0001|-.0005
5.8 ] 5.9758|1.0000| .0000|1.0000| .0000|1.0000| .0000 5.8 | 5.5550{1.0000] .0000}1.0000| .0000|1.0000|~.0002
6.0 | 6.1758]|1.0000| .0000|1.0000| .0000}1.0000]| .0000| |6,0( 5.5550{1.0000] .0000|1.0000| .0Q000|1.000Q0|-.000L
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TABLE II1. - Conoluded. STAGNATION-LINE SOLUTIONS FOR YAWED INFINITE CYLINDER WITH PRANDTL NUMBER OF 0.7

taw to Cay to
Insulated surface; Ty = (0.9045; = 5.0; L, = 0.8567| |Insulated surface; Ty = (0,8838; — = 6.5; ;"=0.8827

No tNo

n f £ £ B g! 2] e ] £ e £ 4 g e e
0 0.0000 0.000672.2902 0.0000 |0.6716 6.0000 0.0000 0 0.000010.0000| 3.8392|0,000C]0.7797|0.0000! 0.0000
.2 0422 .4042)1.7554| ,1342| .6698) .0377| .3758 2 .0892| ,8541]2,7135( .1557| .7760| .0530| .5270
4 1548 .7049(1,.2622] .2671| .8572| .1488| .7288 4 2474 (1.0934|1.7066) .3091| .75%0| .2073| .9987
.6 .31i81| .9138} .8375| .3859( .B273| .3255/1.0028 .B .4A945]1.3493] .8885| ,4549| .6998| .4419(1.3117
.8 .3152(1.0454| .4952| .5187| .5774] .5411]1.1487 .8 «777811.4631| .2883| .5869| .6164| .7154|1.3802
1.0 .732511,1174| .2384| .6257| .5098]| ,7721|1.1345 1.0]1.0732|1.47768|-.10688, .7000| .5123| .97689)1.1978
1.2 .9593(1,1460( ,06812] .7199| .4305| .9849] .9710 1.2 1.3649(1.4320|-.3220| ,7914] .4014(1.1829| .B438
1.4 | 1.1889|1.1463|-.0479| ,7978| .3473|1.1538| .7070 1.4 | 1.6442(1.35756|-.4032| ,8810) .2970|1.3111| .48594
1.6 [1,4168|1,1304|~.1041]| .8590| .2676|1.2664| .4087 1.6 11.9076(|1.2764}~.%968| .9112| .2082|1.3633| .0882
1.8 | 1.64087;1.1071;-,1228] .9053 | .1871{1.3190| .1365 1.8 2,1653(1.2019(~.3428] .9456] .1386]1.35358[-.1548
2.0 1.8586|1.0827|~.1182] ,9387  .135B9]1.3243|-.0707 2.0 | 2.3893|1.1404|~-.2709| ,9879| .0880{1.3080|-.2828
2.2 | 2.0738]|1.0607|-.1015%| .9817| .0837)11.2960|~.1958 2,21 2.612411.0934] ~.1999] ,9818] .0534l|1.2488]-.5181
2.4 | 2.2841|1.0425(~.08QL| .9770| .0608(1.2491|-.2578 2.4 | 2.8275]1.0597|-.1593]| .9901| .0310]|1.1845|-,298489
2.6 12,4911(1.0285{-.0595( .9887| .0376/1.1964|-.2620 2.6 | 3.0370|1.0367|~.0924| .9948] .0173)1.1304[-.2430
2.8 | 2.6958|1.0185|-,0419| .9625| .0224(1.1484|-,.2338 2.8 | 3.2428|1.0218|~.0587| .9974| .0092|1.0877(~.1840
3.0 2.8987|1.0115|-,0281| .9960| .0128|1.1038[-.1901 5.0 | 53.44611{1.0126|-.0358| ,9987| .0047(1.0564[-.1304
3.2 | 3,1005(1.0070|=.0181| .9979| .0070|1.0704|-.1441 5.2 | 3.6480|1.0070|~.0210| .9994| .0023|1.0348)|-.0873
3.4 5.3016/1,0041]~-.0112{ .9990| .0037[1.0458|~.1029 S.4 [ 5.84911.0038|-.0119] ,9997| .0011|1.0207|-.0557
3.6 | 3.5022|1.0023|-.0087| .9995| .0019|1.0287|-.0698 3.8 | 4.0496|1.0020|-.0065| .9995| .0005|1.0118]~.0340
3.8 | 5.7026|1,0013|-.0039| .9998| .0009|1.0173[-.0453 5.8 | 4.2499(1.0010)~,0035| ,9999| .0002|1.0085|-.0199
4.0 | 3.9028]1,0007|~-.0021| .9999| .0004)1.0101]-.0281 4.0 1 4.450111.0005}1-,0018]11,00001 .0001|1.0035]~.0112
4.2 | 4.1029|1.0004(-,0012( .9998| .0002)1.0067|-.0168 4.2 | 4,8501|1.0003}~.0009|1.000C| .0000!(1.0018]~.0081
4.4 ]| 4.303C|1.0002|-.0006|1.0000| .0001|1.0031]!-.0087 4.4 | 4,8502]1.0001]-,0004|1.000Q| .0000]|1.0008]-.0032
4.6 | 4.5030|1.0001|~.0003(1.0000| .0000|1.0016|~.0054 4.6 | 5.0502|1.0001|~-.0002|1.0000| .0000|1.0004]-.0016
4.8 14.703011.000L|-.0001(1,0000] .0000|1.0008]-.0029 4.8 | 5.2502|1.0000|-.0001|1.000Q| .C0O00|1.0002[-,0008
5.0} 4.9030[1.0001|-,0001|1.0000| .0000|1.0004|-.0015 5.0 | 5,4502}1,0000( .0000|1.0000| .0000|1.000]1 |-.0004
5.2 15.1030)|1.0001| .0000|1.000¢| .0000|1.0002|-.0007 6.2 | 5.6502]1.000C| ,0000{1.0000| .0000[1.0000|-.0002
5.4 | 5.3030(1.0001] ,0000|1.0000( .0000(1.0001]-.0004 5.4 | 5.8502|1.0000| .0000(1.0000| .0000|1.0000)-.0001
5,6 | 5.503L(1.0001| .0000|1.0000| .000C|1.0000]-,0002 5.6 | 6.0502(1.0000| .0000(1.0000] .00Q0|1.0000[ .0000
5.8 | 5.7031|1.0001| ,0000|1.0000]..0000[1,0000]-.0001 5.8 | 6.2502]1.0000| .C000(1.0000| .0000[1.000Q| .0Q00
6.0 ] 5.9031|1.0001( .0000[|1.0000| .0000|1.0000| .0000 8.0 | 6.4502]1,0000| ,0000|1.0000| .0000|1.0000| .0000
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TABLE III. - SUMMARY OF HEAT-TRANSFER
AND SKIN-FRICTION PARAMETERS FOR
YAWED STAGNATION LINE

(a) Prandtl number, 1.

bwlto [ *% T o [ %
To N, EE M ﬁ:
0 1.0/0.6489 (0.5067|1.2807 gg
1.2| .6823| .5130|1.3300
1.8{ .7475] .5249[1.4241
2.0| .8105| .5358|1.5127
2.2| .8413| .5410|1.5551
3.0| .9607| .5603|1.7146
4,0|1.1025] .5815]1.8960
6.0|1.3679| .6174|2.2156
6.5[1.4313 .6254|2.2886
0.25{ 1.2(0.8673|0.5344|1.6229
1.8| .9850| .5507{1.7886
2.2{1.1530! .5724|2.0143
3.0|1.3644| .5976[2.2831
0.50] 1.2]2.0409 [0.5530]{1.8823
1.6|1.2082| .5728{2.1058
2.2]1.4408| .5986]2.4066
3.0(1.7341| .6280]2.7613
4.0|2.0785] .6593|3.1526
6.5]2.8663| .7213]3.9738
0.75 1.2|1.2059 [0.5695|2.1175
1.6|1.4153| .5921{2.3903 *
2.2|1.7110| .6212|2.7543
3,012.0802! .6541]5.1802
1.00[ 1.0|1.2326{0.5704(2.1610 -
1.1|1.2989| .5776|2.2488
1.2|1.3640| .5845|2.3338
1.5)1.5555| ,6035)|2.5742
1.6{1.6149 | .6094|2,6500
2.0|1.8532| .6313[2.9355
2,2]1.9684| .6413(3.0694
3.0|2.4088 | .6770{3.5578
4.0|2.92350] .7143|4.0921
6.0|3.8711| .7742|5.0001
6.54.0951} .7871|5.2028
11.0(5.9630| .8808[6.7700
1.50{ 1.2(1.6641(0.6109|2.7240
1,6|1.9924| .6397|3.1148
2.2(2.4534| .6761(3.6288
3.0]3.0259| .7163{4.2243
b .00] 1.0|1.7368(0.6154|2.8223 y
2.0{2.7262] .6931|3.9334
6.0/5.9032| .8666{6.8119

(b) Prandtl number, O.7.

S N N IR N RN

%o tNO &y E; - an w “
0.50 1.6]1.1824|0.5692[0,4386(2.0773 0.4935

3.0|1.7008| .6252| .4350}12.7206 5377 .
* 6.5]2.8164| .7200| .4717(3.9117 8145 ~

0.944411.6|1.5724(0,6087]0 2.5917

.904513.0|2.2902| .6716|0 3.4101

.8838(6.5(3.8392| .7797|0 4.9239
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TABLE IV. - LOCAL RECOVERY FACTORS
FOR YAWED STAGNATION LINE
Yaw Local recovery factor,
parameter, Cw
t
0
T Prandtl number
No
0-7 0'8 009 100
1.0 0.849 [|0.903 | 0.953 | 1.000
- 1.6 .8518|-~----| —==-- 1.000
3.0 08567 __________ lcooo
6.5 8627 === | ————m 1.000
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Yaw parameter, to/tNo
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Figure 1. - Effect of yaw angle on yaw parameter.
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