APRIL 1963
25 -
201% | ]
AN
\\ ~
10
o ﬁ POINT IN
|8 CAVITY
Fig.1 Typical temper- 55 4l
ature-history datafrom =|..
cavity model =l

POINT DOWNSTREAM |
OF REATTACHMENT

o] 2 4 6 8 10 12
TIME FROM TUNNEL START
(SECONDS)

there with a very small value. Downstream of the cavity,
however, the model surfaces changed temperature quickly
(particularly in the reattachment region), and the result of this
was to draw heat from the cavity surfaces. (Initial wall
temperature was greater than adiabatic wall temperature in
these experiments.) Later, when some measure of balance
had been attained between convection and conduction terms,
the entire model continued more slowly to the recovery
temperature.

This explanation was checked by carrying out calculations
of the conduction terms in the heat transfer equation for the
model skin, using polynomials to fit the data at times after
the tunnel start. Using these complete calculations, the heat
transfer coefficients were calculated over a finite time interval
in the early part of a run, and the values were compared with
that given by the initial gradient of the temperature-time
trace. (Good agreement was obtained in all cases.

In view of this, it is suggested that caution be exercised in
reducing data from experiments using the transient technique
in cases where the heat transfer rate varies greatly along the
model. Fitting a curve through the data in order to obtain
initial temperature gradients is only valid if the form of the
curve is known beforehand, and in extreme cases, an ex-
ponential variation is not a valid assumption, - The need for
caution is made greater because of the diffusive nature of the
heat transfer equation governing the model temperature
distribution. It was found in the present experiments that
the temperature traces became roughly exponential in char-
acter a few seconds after the tunnel start. This is due to the
properties of the parabolic diffusion equation and has no
connection with the initial heat transfer rates. There is some
danger that an investigator accustomed to exponential tem-
perature traces from more conventional configurations might
ignore the initial peculiarities of the curves as due to some
initial unsteady effect and use the later exponential sections
of the curves for extrapolation purposes. In the case of the
present experiments, this would have resulted in the sepa-
rated-zone heat transfer rates being overestimated by a
factor of three. This comment applies particularly to the
use of “point-record” potentiometers for recording thermo-
couple outputs. If the gap between measurement points
is too large, the important part of the curve may be missed
althogether.

It should be noticed that the initial starting process in a
separated-flow configuration may take longer than for an
attached flow, because initial transient conditions are not
swept immediately downstream. The characteristic time
for setting up the steady-state configuration in a cavity flow
ig of the order of D2/v for diffusion of vorticity and D?/a for
diffusion of heat, where D is the depth of the cavity, » the
kinematic viscosity, and « the thermal diffusivity of the fluid.
These times were found to be of the order of milliseconds in
the present experiments, and the starting process therefore
was rejected as a cause of the initial peculiarities in the be-
havior of the temperature-time traces. (The point of in-
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flexion in the trace from a point in the cavity was found
to occur from 2 to 4 sec after the tunnel start.) A more
complete discussion of the foregoing is contained in a paper
by Nicoll.?

1 Nicoll, K. M., “The use of the transient ‘thin-wall’ technique
in measuring heat-transfer rates in hypersonic separated flows,”
Princeton Univ. Dept. of Aeronaut. Eng. Rept. 628 (July 1962).

Delaying Effect of Rotation on Laminar
Separation

W. H. H. Banks*
Bristol University, Bristol, England
AND
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Teddington, Middlesex, England

THE experiments of Himmelskamp! on an airserew sug-
gest that the rotation postpones stalling to a higher lift
coefficient than would be expected from the two-dimensional
characteristics of the airscrew blade sections. In confirma-
tion of the experiments, this note presents a theoretical analy-
sis of a simple case where rotation is found to delay laminar
separation and sometimes to prevent it entirely.

Consider a helical surface rotating and advancing at zero
incidence, with a straight leading edge perpendicular to the
axis of rotation, as in Fig. 1. It is shown in Ref. 2 that the
equations for the boundary layer on such a surface are, if the
pitch is only moderate, approximately equivalent to those
for zero piteh, Le., for a flat sector of a circle rotating in its
own plane, with zero velocity along its axis of rotation. Re-
ferred to axes 8, r, y rotating with the sector with angular-
velocity €, the velocity components » and w in the tangential
and radial directions are Qr and zero outside the boundary
layer. Suppose now that the helical surface, to which the
sector is equivalent, is distorted slightly or operated at a small
incidence, so that the pressure over its surface is nonuniform.
Consider the special simple case where, for the equivalent
sector, the tangential and radial velocity components outside
the boundary layer are Qr(1 — K6) and zero, where K is a
constant. The equations of motion become approximately
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Table 1 Effects of varying K

K @ 6.8 1.4 1.0 0.9 0.8 0.7 0.6 0.55
Ve 0.136 0.136 0.139 0.143 0.145 0.148 0.153 0.165 0.185
A 0.0 0.020 0.100 0.143 0.161 0.184 0.218 0.274 0.336
K 0.55 0.50 0.45 0.40
(¥m®)max 3.02 2.63 2.29 1.98
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Put y = (20v/Q)V2, and v1 = 9/m, Y2 = /72 Assume
that approximately
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= (1 —~ K6,y > 1 (5) ¢
and References
_ _ 2 ! Himmelskamp, H., “Profiluntersuchungen an einem um-
w = (r0/2)n? (1 — K*0%)(vs — 272" + 1), 0 < 72 < L laufenden Propeller,” Mitt. Max-Planck-Inst. 2-(1950).
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These expressions satisfy Eqgs. (1) and (2) at the surface
y = 0, together with the boundary conditions in Eq. (4).
If they are substituted into the equations obtained by
integrating (1) and (2) with respect to y across the boundary
layer [making use of Eq. (3)], the resulting equations are of
the following form:

on boundary layers on screw propellers and simpler rotating
bodies,” National Physical Lab., Ship Div. Rept. SH R27/62
(1962).

3 Howarth, L., “On the solution of the laminar boundary layer
equations,” Proc. Roy. Soc. (London) 164A, 547 (1938).

dn/dy = F(d, 1) + (L/E)GW, m, 12) ) A Further Note on Propagation of
and Thermal Disturbances in Rarefied-Gas
dno/dy = H(P, my 1) (dn/d) + 1§, m, ) + Flows
(A/KHLY, m, 72)  (8) J. G. Logax*

where ¢ = K@. These equations have been integrated con-
currently for various values of K by a step-by-step process,
using the Ace computer of the Mathematics Division of the
National Physical Laboratory. If the solution indicates that
Ym? reaches the value 3, then at this point Eq. (5) shows that
ou/dy is zero at the surface, implying separation of the u
component profile. If K is very large and ¢ is finite at
separation, this means that 6 at separation must be very
small, and the rotation can have had no appreciable effect

Aerospace Corporation, Los Angeles, Calif.

N a recent note, the small-disturbance rarefied-gas equa-
tions for one-dimensional nonsteady flow were shown to
satisfy the characteristic equations

{9 + 0.813 9} Py = <0.487 a1 0.417 E) L +
ot oz Do Co/ Co

on the flow. Thus when K — w, so that the terms in @ L < 015~ 7 04 i) )
and L of Eqgs. (7) and (8) vanish, the former equation becomes trco 7 po " poco
equivalent to that for a two-dimensional flow with a linear 5 5 . i L

adverse external-velocity gradient, as solved by Howarth.® o 9 - a Fy\L

The accurate numerical solution of this problem has ¢ = {bt + 213 bx} o <1'78 Do = 1.66 co> Co

0.120 at separation. Using step lengths in ¢ of 0.01 and

0.005, one obtains ¥ = 0.136 and 0.134, respectively, at L <1'57T =+ 04L> 2)
separation. The errors due to the approximations made in tco \ Do " poco

Eqs. (5) and (6) are thus fairly small. It was considered
sufficiently accurate to use the step length ¢ = 0.01 in the
subsequent calculations for smaller values of K. Here
separation does not occur so close to the leading edge, and
the rotation has an effect on the flow, postponing separation
till a higher value of ¢ is reached. Thus the pressure rise

assuming the existence of external heat addition H(z,f) and
external forces F(z,f) and including changes in the character-
istic quantities as £ — £;. The characteristic quantities P+
and P+ are defined by

= [(6 — 0.51p — 0.11 e
between the leading edge and separation is increased. This P = ( 0.51p (T/S))] 0.33(¢/ 0.42 3
is shown in Table 1, where ¢, is the value of Y at separation, (1/¢0)[0.33(a/po) — 0.42u] (3)
6, being the corresponding angle in radians. Pyr = [0+ 0.78p + 1.18(r/po)] =

For values of K less than about 0.548, ¢, which near
the leading edge increases with increasing ¥, reaches a maxi-
mum value of less than 3 and then decreases again. Thus
the separation condition is never reached, and presumably
the boundary layer is stabilized completely against separa-
tion by a linear adverse external-velocity gradient.

(1/¢0)[0.85(g/ps) + 1.66u] (4)
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