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| NTRCDUCTI ON

The aerodynamics of a slender aerobus for short ranges has been reviewed
in a recent paper 1, which considers an aircraft with a slender wing of near-
delta planform having an aspect ratio low enough to ensure flow separation at
all its sharp edges, and with its engines installed above the wng sufficiently
far fromthe edges to provide significant noise shielding. This paper shows
that one of the most inportant problems in the design of such an aircraft is the
relatively-high values of the [ift-dependent drag factor K for thin slender
wings. These high values of K arise because the flow separations at the
| eading edges of slender wings preclude the devel opment of the high suction

forces which generally occur at the leading edge of a wing in attached flow.

One method of solving this problem has been suggested by the results of
recent wind-tunnel tests 23 which have shown that with increasi ng wng thickness
the suction forces induced by the |eading-edge vortices have an increasingly
large forward conponent in the plane of the wing (so the lift-dependent drag of
a thick slender wing is less than that of a thin wing of the same planforn,
and that the size of this forward conponent is controlled by the distribution
of the wing thickness. These results suggest that the lift-dependent drag at
take-off of a slender wing with a slenderness ratio of 0.5 and a thickness/chord
ratio of 0.1 could be as nuch as 25% less than the |ift-dependent drag of a thin
slender wing with the same planform However it may not be possible to use the
optimum wing thickness distribution in a practical aircraft design.

Another method of reducing the lift-dependent drag is by canbering the
wing so that the drag coefficient is a nininum when the lift coefficient is
positive and the lift-dependent drag factor is a mninmum at the critical flight
condition, generally cruise or take-off. Some mld gothic wings designed using
a linear theory4 to give attached flow at specified values of the lift coefficient
have been tested, and the results’ show that the lift-dependent drag factor at
take-of f was reduced by up to 14%, albeit at the cost of increased incidence,
depending on the degree of canber chosen.

A third distinct method of reducing the Iift-dependent drag of a slender
wing is by canbering it, not specifically to achieve mninmum drag at positive
lift, but to change the shape of the drag characteristic. Some prelimnary
cal cul ations by Weber? suggested that the lift-dependent drag of a thin slender
wing could be significantly reduced by canbering the wing so that the chordw se
slope 3z/3x of its upper surface was large and positive in the regions where



the |eading-edge vortices induced high suction forces, the forward conponents
of which reduced the |ift-dependent drag.

This Report describes some wind-tunnel tests on sinple thin slender wngs
to find the drag reduction achieved by Wber-type canber, to assess the validity
of a theoretical method of predicting this drag reduction, and to investigate
whether the second and third nethods quoted above can be used in conbination to
produce thin slender canbered wings with nuch |ower values of [ift-dependent
drag than uncanbered wings of the same planform

2 THEORETI CAL  CALCULATI ONS

Several years ago Weber’ presented a method of cal culating the shape of a
slender wing so that at a specified value of the lift coefficient CL the flow
woul d not separate from the |eading edge. This method is applicable to wngs of
any planform provided only that the apex is pointed, the trailing edge is
unswept and the chordw se rate of change of semispan IS nowhere negative
(3s/3x 2 0). The shape =z(x,y) of the wing camber surface is determned as

that of a stream surface by applying the linearised boundary condition that

dz(x,y) _ Vz(x,y,O)
% B v ’

=]

where v is the velocity of the undisturbed flow and v, is the velocity
conponent in the cross-flow plane. The spanwise distributions of the downwash
v, are specified” in terms of n = y/s(x) and the distributions considered
are such that at a chordwise station x = constant, the downwash i S constant
over the inner part of the wing 0 < |n] < no(x) and over the outer part of the
wing m,Gx) < In| <1 the downwash is given by a constant or by a linear or

quadratic function of n, viz =

v (2,,0) C(x) for 0<|n| <n
v, = [l - o V!
C&) . D (x —4} N Co o g <Inl<1
= =
where v =1, 2 or 3. The relationship between Dv(x) and C(x), in terns of
no(x), is specified by the condition of zero loading at the leading edge in

attached flow  From the chosen expression for the local slope
dz(x,y)/9x = vz/Vm, the shape of a chordwise section z(x,y = const.) can be



determined by integration except for an arbitary additive termf(y) (for
exanple f(y) can be chosen to mke the trailing edge straight, i.e.
z(1,y) = constant). The aerodynanic loading on the chosen wing in attached
flow, and hence the lift, drag and pitching noment on it, can be calculated
from the downwash/local slope distribution using slender-wing theory.

If the local aerodynanic |oading on an uncanmbered slender wing at

incidence o is 2(x,y) = -ACP(x,y), then its lift-dependent drag is

C
1
Cp, = 's‘/
1 .
0

where ¢ is the wing chord, s(x) the semispan and § the plan area. In

s (x)
al(x,y)dydx = o€,

-s (x)

this Report, the incidence o of a slender wing at any chosen attitude is

defined as the angle between the wing chord at that attitude and the wing chord
when the flow does not separate at the |eading edge. For the special case of
uncanbered wings, o is the angle between the wing chord and the free stream

The induced drag of a slender wing of the same planform but canbered so that its

surface slope is (cx - M) is therefore

ax
¢ s(x)
] )
CD. = gf [ [2(x,y) + Aﬂ(x,y)]l} -—%:%i)—]dydx ,
i
0 -s(x)
where Af2(x,y) is the loading increment induced by the canber. If the flow is

conical so that the spanwise position of the |eading-edge vortices is indepen-

dent of x (i.e. Ny = const.) and if the chosen canber is such that C and
ng are al so i ndependent of x, t hen

1
> f[Mn) + 62(n) ][x - % dn

0

(@]
n

] !
afc, + AC] - [z(n) %g-)-dn -fM(n) 32(n) 4.

ox

0 0

wher e ACL is the canmber-induced increment of lift on the wing. Because the |oad-

ing &(n) has its largest values on the part of the wi ng bel ow the | eading-edge



vortices, the second term in the above expression is negative if the canber is
chosen so that az(n)/sx is large and positive at n = n,: The third termis
generally relatively small because both  A%(n) and 8z(n)/9x are small for
the canber distributions which yield practical wng shapes. The |ift-dependent
drag factors of the plane and canbered wings at the sane incidence are given

by the expressions

K(plane) _ o
TA B CL
and
1
K( canber ed) o 1 faz(n)
- - [2(n) + A%(n)]dn
A R A AN AcL)2 ox

Thus |ow values of K(cambered) can be achieved by designing the wing either
to make aC; large or to make the integral in the second term large and
posi tive.

The lift-dependent drag reduction which can be achieved by canmber my be
calculated if it is assumed that

(1)  the spanwise distribution of aerodynanic |oading on a plane slender w ng
is simlar to that predicted by Kiichemann's non-linear [ifting-surface
theory8, viz.,

Law R
’ Ul-ni-Jl-nzl
|
where C, ( [k(n)dn is the local |oading coefficient
0
and c (x) = C. in conical flow and

(2) the developnent of the |eading-edge vortices above the wing, i.e. the
variation with incidence of n_ and C(x) is not significantly affected
by the small amounts of camber considered in this Report.

Fig.1 conpares the | oading distribution predicted by Kiichemann® for two chosen
val ues of n, with experinmental [loading distributions measured” on a thin
uncanbered delta wng, and suggests that Kiichemann's expression for  2(n) is



sufficiently accurate for prelimnary calculations. The effect of canber on the
spanwise positions of the |eading-edge vortices cannot accurately be predicted,
though some experimental results 3,10 suggest that the vortices move outboard
with increasing canber, so it is reasonable to hope that the slight novenent of
the vortices, induced by the small canber of the wings tested, wll not
significantly affect the loading distribution or lead to serious errors, Thi s
hope is strengthened by Fig.2 which presents the results measured by Kirby and
cox'! on conical slender wings with drooped leading edges and shows that the
variation with incidence of the vortex-induced lift is unaffected by canber.

This inplies that

CL(cambered) = CL(plane) + ACL |,

where the canber-induced Ilift increment, AC. is independent of incidence.

The lift-dependent drag of a canbered delta wing at a particular value of
afcot ¢, where ¢ s the sweepback angle of the leading edge, may therefore
be cal culated by finding n, fromcorrel ated experinental results.lz, usi ng
Kiichemann's theory® to predict &(n) and CL, using Weber's theory’ to predict
At(n) and ac, and cal cul ating K(cambered) from the equation above.
Al'ternatively, if experinmental results have been obtained for an uncanbered wing
of the appropriate planform K(canmbered) my be calculated using an enpirical
val ue of CL and a #(n) distribution obtained from experinmental results, such
as those plotted in Fig.1. This latter nethod of calculation should yield nore
accurate results, particularly if the wng considered is not very slender. The
calculations for the wings tested in this experiment are presented in detail in
the Appendi x.

3 DESCRIPTION OF WNGS TESTED AND EXPER MENTAL PROCEDURE

The wings tested in this experiment were designed to investigate the
validity of the nethod (described in section 2) of predicting reductions in the
lift-dependent drag. No attenpt was made to select optimum canber distributions
to obtain the mnimum |ift-dependent drag. For sinplicity of calculation and
ease of mnufacture, conical canmbered delta wings were used, and the results are
conpared with those of an uncambered delta wing of the same aspect ratio
(A=20). The shapes of the four canbered wings (see Fig.3) were calculated
using v =1 or v = 2 downwash distributions as presented in the table bel ow
and discussed in the follow ng paragraphs.



! Lo Downwash
W ng Drscontinuity | gistyibution C(x) ac, %cs _dedg)
Ng = type, v = (at a =
Doubl e- ki nked 0.6 1 0.1 0 2.45
0.9 1 -0. 0595
Ki nked 0.6 ] 0.1 0.163 5.73
Ki nked 0.6 1 0.05 0.0815 2.87
Curved 0.5 2 0.123 0.163 5.24
0.8 2 -0. 0316

The first of the canbered wings was designed to discover whether Weber's
forecast was correct and a significant reduction in lift-dependent drag can be
achieved by canbering a slender wing while keeping the canmber-induced |ift
I ncrement ac equal to zero. The shape of this wing (see Fig.3) was calculated
by superinposing two v = 1 downwash distributions with discontinuities at
[n|] = 0.6 and 0.9. These distributions were chosen so that 3z(n)/éx would be
positive when 0.6 < |n] < 0.9 because experinental resul ts 22 suggest that the
| eadi ng-edge vortices would be above these parts of the wing in the incidence
range given by 0.1 < cl/cot ¢ < 1.0 which includes the take-off incidence of
slender aircraft. The ratio of the values of C for the two downwash distribu-
tions was chosen so that the camber-induced lift increment AGQ equals zero at
the attachment incidence, and the magnitude of the values was chosen in the
hope that they would be large enough to yield significant reductions in 1ift-
dependent drag but small enough to avoid undesirable flow separations from the
discontinuity lines at |n] = 0.6 and 0.9.

From the beginning of this investigation, it was realised that the first
canber shape would be unfavourable in cruise, when the |eading-edge vortices
would lie close to the leading edges so that 3z(n)/5x woul d be negative bel ow
the vortices, and that further reductions in lift-dependent drag mght be
achi eved by changing the camber so that ac, becane positive. A second w ng
was therefore designed by removing the discontinuity at |n| = 0.9 so that
9z(n)/3x was constant and positive in the range 0.6 < |n| < 1.0.

The results for the first two canbered wings were expected to suggest
that it would be useful to have a leading-edge flap set at different angles to
optinise the aircraft configuration for cruise, take-off and approach conditions;
the spanwise distribution of £(y), which deternines the wing shape (see



section 2), for the first two wings was therefore determned by the requirenent
that the (hinge) lines at |n| = 0.9 should be straight. If Weber's theory7
is correct (see section 2), simlar results would be obtained from wings wth

different spanwise distributions of f(y), eg. wth straight trailing edges.

To investigate how the wing performance varied with the anount of canber,
a third canbered wing was nade with exactly half the canber of the second wing.
These two wings can thus be regarded as menbers of the same family of canbered
Wi ngs.

It was hoped that removing the sharp kinks at |n| = 0.6 in the downwash
distribution of the second canbered wing would appreciably reduce the value of
the mnimum drag coefficient, so a fourth canbered wing was designed using two
vV = 2 downwash distributions. The ratio of the values of C for these
distributions was chosen so that 3z(n)/3x was constant and positive when
[n] > 0.8 and the magnitude of the values of C was chosen to give the sane
val ue of ac, = 0.163 as the second wing. For the fourth wing the function
f(y) was chosen so that the |eading edge was a straight |ine.

Fig.3 shows each of the wings, at zero incidence, viewed from downstream

along the free-stream velocity vector. This figure also conpares the values of
the wetted area SW and the frontal area ¢ for each of the four canbered
wings with the values for the uncanbered wing. The quoted val ues of the camber-

i nduced |ift AC at zero incidence were cal cul ated using Weber's theory7.
Each of the wings was made fromi6-gauge Steel plate with the |eading and trail -
ing edges chanfered symetrically. On the kinked and double-kinked wngs, the
shoulders at |n| = 0.6 and |n] = 0.9 were faired with radii of curvature of
about 6 mm (0.25 inch).

The wings were hung on the standard wire rig in the 4ft x 3ft |ow speed
wind tunnel, and surface flow visualization tests were nmade at a wind speed of
24.4 m's (80 ft/s) to find whether the swept discontinuity lines on the kinked
or doubl e-kinked wings caused the flow to separate and form vortices. The
flow visualization tests were made at 5 degree intervals throughout the incidence
range, and showed that at some positive incidences there was evi dence of small
separation bubbles in the lee of the shoulders but that at no incidence aid
these separations induce strong vortices. The lift, drag and pitching nonent on
each wing were then measured on the wind-tunnel balance over the incidence range
-4 <o < 25 degrees at a wind speed of 24.4 m's, corresponding to a Reynolds
nunber based on centreline chord of 0.64 mllion. This conparatively-low w nd
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speed was dictated by the need to avoid significant distortion of the wngs,
whi ch had an unusual |y small thickness/chord ratio of 0.004. However, because
the wings had sharp edges, scale effects should have been negligibly small 13

4 DI SCUSSION  OF RESULTS

The measured values of the lift, drag and pitching noment coefficients
for the uncanbered and canbered wings were corrected for wind-tunnel constraint
and the effects of the wire rig, and were plotted in Figs.4-7.

Fig.4 presents the variation of the [ift coefficient with the angle of
incidence o (which differs fromthe centre-line incidence o, as shown on
Fig.4) and shows that the point of inflexion of each of the measured |ift
characteristics, i.e. the point at which there is no flow separation at the
leading edges, is close to the theoretical attachment incidence a=0 A this
incidence the neasured values of the lift coefficient are slightly smaller (see
table on Fig.4a) than the cal cul ated values of the canber-induced lift ACL,
because of the need to satisfy the Kutta condition at the trailing edge in
subsonic flow.  This figure also shows that the shape of the lift character-
istics of all the canbered wings are very simlar, unless « s quite large,
and thus supports the earlier assunption that the vortex developnent is not
significantly affected by small anmounts of canber.

Fig.5 presents the measured [ift coefficients plotted against the centre-
line incidence o, It is shown that

(1) at any given centre-line incidence the results for the three kinked wings
(including the basic plane wing) of the same famly denonstrate that the
lift coefficient varies continuously wth the degree of canber,

(2) the lift characteristics of the kinked and curved canbered wings wth the
same val ue of AC, = 0.163 are not significantly different, and

(3) at any given centre-line incidence the lift of the double-kinked wing
(ac, = 0) is only slightly greater than that of the kinked wing
(ac, = 0.163). This suggests that the angle 3z/8x of the outernost 10%
of the wing semispan does not have an inportant effect on the [ift
characteristic of the wng.

Fig.6 shows that all the cambered wings have larger values of the mninmm
drag coefficient than the uncambered wing, but that at moderate and high lift
coefficients the drag of the canbered wings is considerably lower than that of
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the uncanmbered wing. To illustrate the size of this drag reduction, the drag
coefficients measured for the various wings at CL = 0.5, (a typical take-off
lift coefficient for a slender-wing aircraft) are tabul ated below:-
. _ Drag reduction
W ng o Mn. ¢, Cy(C, = 0.5) at C|_ - 0.5
Uncamber ed 0 0.0098 0. 1054
Doubl e- ki nked 0 0.0136 0.0910 14%
Ki nked 0.163 0.0155 0.0815 23%
Ki nked 0. 0815 0.0105 0. 0951 10%
Curved 0.163 0.0152 0. 0896 15%

Fig.7 shows that
the wings are sinlar,
experienced pitch-up at

but
| ower

the shapes of
t hat
val ues of

lift

the pitching nonent
the kinked and double-kinked canbered wings
than the uncambered wing.

cambered wings sustained appreciable pitching noments at

noments, as well

as the shapes of the pitching nonent
significant effect on the loss of

lift due to trinmng.

zero lift

characteristics,
illustrate this

To

characteristics of

al |

Al the

and these

had a

effect, the untrimed and trinmed values of C, at an arbritrarily-chosen value
of the centre-line incidence are given in the following table, assuming that

each wing is trimed for neutral stability at that incidence and bal anced

using a trailing-edge flap whose point of action is at a typical position at

0.85 ¢ fromthe apex.

W ng ACL o deg CL (untrimed) cL (trinmmed) Trim |oss
Uncamber ed 0 14 0. 648 0.623 4%
Doubl e- ki nked 0 14 0.484 0.415 15%

Ki nked 0.163 14 0. 465 0. 442 5%
Ki nked 0. 0815 14 0.542 0.521 4%
Curved 0.163 14 0. 466 0.438 6%

These figures for the percentage loss of |ift

uncanber ed,

curved and two kinked wings inply that

trimring for these wings are simlar in size,
for these wings are likely to be very close to the untrimed drag reductions

due to trimming for the
the drag increnents due to

so the reductions in trimed drag
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quoted above. The double-kinked wing has a larger loss of lift due to trinmng
and consequently a larger drag increment than the other wings, so the trimed

drag reduction for this wing mght be considerably less than the value of 14%
reduction in untrinmed drag quoted above.

The shape of the pitching monent characteristics of the canbered slender
wings is likely to be significantly affected by the assumed value of the
arbitrary termf(y) which deternmnes the shape of the wing trailing edge (see
section 2), by the wing thickness and thickness distribution, and by the
position of the fuselage and nacelles. The lift loss due to trimming is also
affected by the control characteristics. Consequently the quoted values of
trim lift loss should be regarded only as indicative of the loss on a real air-
craft with a canbered slender wing.

5 ANALYSI S OF RESULTS

In a discussion of the drag characteristics of canbered wings, Varren
assunes that the lift-dependent drag is governed by a factor K, which is
dependent on the w ng planform and canber shape but is independent of the anount
of canber, so that

- ' - 2
Cy CDm + K (CL Clm) /A |
wher e CQm is the mninum drag coefficient of a canmbered wing and o is the
lift coefficient at which the mninmumdrag coefficient occurs. This equation
inplies that the drag polars of a famly of canmbered wings have the same shape
but have their minim at different values of (CL, CD). Fig.8 presents the
variation of K' for the canbered w ngs tested 1n this experiment and the
lowest part of this figure, which includes three wings with different anounts
of the sane type of canber, shows that K is affected by the anount of canber
so that it is not possible to use the results from one cambered wing directly
to estimate the drag characteristics of another wing with a different amount of
camber.

To denpnstrate the reduction of wing drag due to camber, Fig.9 presents the
variation with lift of the lift-dependent drag factor K = 'rrA(CD -CDO) /CE
where CD_ is the profile drag of the plane wing, and shows that at a chosen
lift coefficient the values of the l|ift-dependent drag on the canbered wi ngs
are significantly less than that on the plane wing. At a typical take-off [ift
coefficient of 0.5 the largest neasured reduction in Kis 26% (for the

ki nked w ng aC; = 0.163).
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Fig.10 shows the variation with incidence of the neasured values of
K= 1TA(CD - CDO)/CE for the plane and canbered wings, and conpares the
differences with the results of theoretical calculations (see Appendix). The
measured values of K for the two wings with ACL = 0 increase as the incidence
tends to zero, because of the non-linearity of the lift characteristics and
became CD, > Cp, for the double-kinked wing.  However the measured values of
K for the other wings tested decrease as incidence tends to zero. Fig.10
al so shows that the calculations (see section 2) using enpirical values of CL
and &(n) 9 predict the canber-induced reduction in |ift-dependent drag nore
accurately than calculations using theoretical values of CL and &(n). This
suggests that the former type of calculation should be used, if sufficient
experinental data is available, to design inproved canmber distributions and
predict their performnce.

14

6 CONCLUDI NG REMARKS

The results of the experiments presented in this Report have demonstrated
that significant reductions in the |ift-dependent drag of a slender wing can be
achieved by the use of camber, and that the extent of this reduction can be
predicted with reasonable accuracy using the nethods described above.

Canberedwings of the type tested may bhe especially suitable for a quiet
slender aerobus because, if the engines were mounted above such a wing near the
centre-line and if the outer parts of the wing were designed to be significantly
higher than the centre-line, the lateral noise from the engines during the take-

off ground run would be deflected away from the ground.

The amount of canber, and hence the extent of the lift-dependent drag
reduction, will probably be limted by the onset of flow separation from the
wing upper surface or by the need to avoid excessive camber-induced profile drag
at cruising speed. The onset of upper-surface flow separations, as well as the
size of canber-induced effects on performance, may well be significantly
influenced by the wng thickness distribution. Consequently the optimum canber
shape and the optinum degree of camber for a particular slender aircraft with
specified range, payload and performance can only be determned from project
studies and associated wnd-tunnel tests on real aircraft configurations.
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Appendi x_
CALCULATION OF REDUCTIONS IN INDUCED DRAG

The conically-canbered wings tested in these experinents were canmbered
using the v =1 and v = 2 downwash distributions given by Weber's’
equations (7) and (8) as:

Vv
= 1 . ———z- = C 0< <
v -5 In| "
= ((1 -—1‘42 ) ny < Inl <1
cos no
2 < <
V=2 A = C 0 < |n] 4
7(|n] = n,)
= cll - 0 n0<ln|<]
2 -1
2( l-no)- Ny €08 no)
wher e I is the spanwise position of the downwash discontinuity. The

conbi nati ons of downwash distributions used, their points of discontinuity

(no) and the values of C used in the design of the four canbereg W ngs

tested are given in the table in section 3. According to Weber's' equations
50) and (51), the lift increment induced by the camber for the v =1 and

(
v = 2 distributions is given by
’] _ 2
"o "o

v=I: AC. = 21C cot b————
L ~1
cos n
0
2
(1 710)3/2
v = 2: ac, = 2nC cot ¢

[t is shown in section 2 that the values of the induced drag on plane
and conical | y-canbered wings at the same incidence o are given by the
expressions:
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CDi (plane) = oC,

1

!
%(n) 3z(n) 3z(n)
f—c—' o dn‘f“‘”’ Bx O
0 0

canbered) = OL(CL + ACL) -C

Cp ( L

I L

Because the value of R(n) predicted by Kiichemann® tends to infinity below the
| eadi ng-edge vortices, (i.e. when n = nv) it is convenient to rewite the
integral including 2(n) in the form

| 1
O RETIC) R ““) ]m bz() _ 8z (n,) i
CL ax ax 3
0 0

since the integrand on the right-hand side of this equation is zero when
I

n=n. In this way, [%ﬁ%%}gl)-dn may be eval uated using either
L

0
Kiichemann's® | oadi ng distributions or the enpirical distributions plotted in

Fig.1 (though in this latter case the integral can be evaluated directly).

According to Weber's7 equations (32) and (33) for conically-canbered Wings,
the canber-induced loading distributions for Vv =1 and v = 2 downwash

distributions are given by:
N LY BT
Ve | A(n) = 2c cot ¢ 1n

o
s g 'Jl—nz—Jl—nél

1 2
v = 2: Ar(n) = C cot ¢ 2\/1—n0/1—n2
ﬂ 2 -1
1 -~ no - no cos no

2 J 2
L/] N ! r‘0
2 j_2
,J] n + Jl o

The val ues of A%(n) and Af(n) for the three types of cambered w ngs

were calculated and are plotted against n inFig.11. The tables below show

i i K(cambered)
some of the steps in the calculations of KKc(aE)nlbg%eél)

2 2
+ (no-n )1n

Az ln)




Calculations using Xiichemann's prediction of 2(n) and CL:

1 1 C. (cam) |
. o , ey | c . 2(n) 2z 4 [Al(n) T P D e AN I {7
Ming | oppg O o PR/COT 4T v L L c ax 9" o€, 3% n|C (plang)|  C© K(plane)
&S L ~ L D. L
0 0 i
Kinked 5.73 0.163 0.25 0.8 1.457 0.572 0.163 -0.107 -0.088 1.478 1.283 0.900
0.50 0.7 1.542 1.211 0.163 -0.095 -0.020 1.249 1.134 0.971
Curved 5.24 0.163 0.25 0.8 1.457 0.572 0.163 -0.126 -0.084 1.495 1.283 0.908
0.50 0.7 1.542 1.211 0.163 -0.123 -0.020 1.277 1.134 0.993
Double 2.45 0.0 0.25 0.8 1.457 0.572 0 0.270 -0.026 0.756 | 0.756
kinked 0.50 0.7 1.542 1.211 0 0.110 -0.006 0.896 ‘ 0.896
Calculations using empirical values of &2(n) and €, :
Kinked 5.73 0.163 0.25 0.8 0.31 0.163 0.073 -0.161 1.610 1.522 0.695
0.50 0.7 0.664 0.163 -0.014 -0.038 1.297 1.245 0.837
Curved | 5.24 0.163 0.25 0.8 0.31 0.163 0.193 -0.155 1.484 1.522 0.641
0.50 0.7 0.664 0.163 -0.054 -0.036 1.335 1.245 0.861
Double 2.45 0.0 0.25 0.8 0.31 0 0.275 -0.046 0.771 0.771
kinked 0.50 0.7 0.664 0 0.134 -0.011 0.877 0.877

x1puaddy

Lr



Table 1

UNCAMBERED W NG

o C. ¢, Cm K
-3.74 -0. 1432 0.01890 0. 00731
-2.71 -0.1095 0. 01572 0. 00444
-1.61 -0. 0647 0.01172 0. 00308
-1.15 -0. 0497 0. 01000 0. 00269
-0.72 -0.0259 0.01149 0. 00106
-0.21 -0.0079 0.01131 0. 00065

0.26 0. 0096 0. 00980 -0.00033

0.73 0.0281 0.01031 -0.00239

1.29 0. 0456 0.01034 -0.00111

1.72 0.0702 0.01173 -0.00210

2.19 0. 0889 0.01296 -0. 00395

3.17 0.1288 0.01648 -0. 00305

4.16 0. 1659 0.02139 -0. 00425 2. 646
5.15 0.2110 0. 02842 -0. 00458 2.628
6.20 0. 2551 0.03618 -0. 00490 2. 547

7.09 0.3017 0. 04724 -0. 00565 2.584

8.03 0.3474 0.05737 -0.00573 2. 476
9.13 0.3891 0.07102 -0. 00587 2.541
10. 08 0. 4460 0. 08666 -0.00673 2.428
11.03 0.4975 0.10434 -0.00700 2.400
12.02 0. 5436 0.12369 -0.00793 2.422
13.08 0. 5962 0. 14646 -0.00758 2.416
14.02 0.6470 0.16911 -0.00783 2.391
14.97 0. 6963 0.19384 -0. 00666 2.385
16. 02 0. 7454 0.21982 -0. 00464 2.375
17.06 0. 7872 0. 24654 -0.00270 2.401
18.06 0. 8329 0.27748 -0.00219 2.424
19.00 0.8823 0. 30876 -0.00285 2.413
19.92 0. 9032 0.33470 0.00135 2.502
20. 97 0. 9452 0. 36857 0. 00043 2.523




Table 2

DOUBLE- KI NKED WNG  AC,

=0

o, c, ) Ca K K
-1.75 -0.1783 0.03335 0.00437
-0.82 -0. 1437 0. 02490 -0.00008

0.08 -0.0911 0.01863 0. 00382

0.50 -0.0743 0.01706 -0. 00305

1.07 -0. 0490 0.01583 -0. 00293

1.59 -0. 0263 0.01513 -0. 00406

2.11 -0.0096 0. 01394 -0. 00469

2.59 0.0163 0.01411 -0. 00530

3.05 0. 0322 0.01379 -0. 00652

3. 62 0. 0541 0.01416 -0.00710

4.03 0. 0664 0.01469 -0.00729

4,71 0.0913 0.01577 -0. 00765

5.02 0.1083 0.01583 -0.00780

5.54 0.1280 0.01775 -0. 00869

6. 49 0.1715 0. 02068 -0.01032

7. 47 0.2078 0. 02664 -0. 00981

8. 46 0. 2526 0.03188 -0.01110 2.174 2.277
9.40 0.2928 0.03848 -0. 01157 2.102 2.229
10. 39 0. 3283 0.04611 -0.01102 2. 117 2. 265
11. 38 0.3728 0.05574 -0.01146 2.077 2.227
12. 42 0.4169 0. 06610 -0.01104 2.035 2.181
13.36 0. 4584 0.07784 -0.01106 2.034 2.179
14. 40 0.4971 0.08993 -0. 00941 2. 037 2.179
15. 34 0. 5389 0.10600 -0.00903 2.081 2.224
16. 33 0.5791 0.12244 -0. 00801 2.110 2.252
17. 32 0.6233 0. 14206 -0. 00801 2.139 2.278
18.31 0. 6659 0.16187 -0. 00697 2.155 2. 289
19.21 0.7124 0.18572 -0.00717 2.178 2.309
20. 15 0. 7566 0.21160 -0.00718 2.215 2. 344
21. 14 0. 7985 0. 23851 -0.00637 2. 254 2. 380
22.19 0. 8427 0.27128 -0. 00579 2.314 2.439
23.13 0. 8902 0. 30606 -0. 00620 2. 349 2.472

19
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Table 3

KINKED WING: AC = 0.163

a . Cy Ch K K'
-1.83 -0.2024 0.04530 0.00775
-0.78 -0.1547 0.03558 0.00653

0.21 -0.1135 0.02933 0.00675

1.11 -0.0662 0.02245 0.00427

2,05 -0.0207 0.01935 0.00310

3.09 0.0187 0.01615 0.00193

4,13 0.0627 0.01503 0.00057

5.06 0.0977 0.01496 -0.00060

5.58 0.1172 0.01672 -0.00125

6.11 0.1403 0.01682 -0.00190

6.57 0.1534 0.01739 ~0.00232

7.04 0.1760 0.01971 -0.00300

7.61 0.1955 0.02051 -0.00345

8.64 0.2292 0.02412 -0.00423 1.713 2.278
9.63 0.2740 0.03041 -0.00496 1.725 2.366
10.63 0.3167 0.03640 -0.00567 1.666 2.248
11.56 0.3572 0.04495 -0.00628 1.731 2.324
12,51 0.4001 0.05427 ~-0.00685 1.745 2.305
13.55 0.4445 0.06502 -0.00713 1.756 2.279
14.49 0.4843 0.07761 -0.00707 1.817 2.329
15,53 0.5269 0.09166 -0.00662 1.853 2.343
16.52 0.5708 0.10613 -0.00600 1.858 2.317
17.52 0.6188 0.12531 *=0.0054 | 1.895 2.333
18.56 0.6609 0.14679 -0.00496 1.971 2.403
19.55 0.7067 0.16843 -0.00453 1.996 2.408
20.55 0.7554 0.19661 ~0.00422 2.057 2,458
21.60 0.8029 0.22519 -0.00395 2.099 2.487
22.54 0.8478 0.25899 -0.00372 2.178 2.562
23.54 0.9013 0.29448 -0.00348 2.202 2.567
24,59 0.9455 0.32842 -0.00326 2,239 2.595
25.52 0.9785 0.36239 -0.00319 2.314 2.670
26.37 1.0268 0.39963 -0.00304 2.323 2.664




Tabel

4

KINKED WING: ACL = 0.0815

a CL CD Cm K K'
-3.86 -0.2404 0.04104 0.00362
-1.78 -0.1516 0.02398 0.00522
-0.72 -0.0971 0.01652 0.00402

0.32 -0.0494 0.01170 0.00319

1.36 -0.0121 0.01166 0.00091

2.40 0.0271 0.01099 -0.00010

3.44 0.0677 0.01156 -0.00086

4.47 0.1027 0.01267 -0.00205

5.52 0.1546 0.01659 -0.00337

6.55 0.1874 0.02099 -0.00435

7.60 0.2354 0.02738 -0.00506 1.993 2.514
8.65 0.2908 0.03745 -0.00468 2.054 2.490
9.70 0.3432 0.04928 -0.00309 2.106 2.484
10.73 0.3764 0.05741 -0.00560 2.111 2.456
11.79 0.4352 0.07335 -0.00553 2.108 2.405
12.83 0.4744 0.08555 -0.00643 2.115 2.388
13.89 0.5388 0.10801 -0.00561 2.126 2.367
14.94 0.5860 0.12723 -0.00588 2.149 2.373
15.98 0.6361 0.14760 -0.00366 2.140 2.345
17.03 0.6858 0.17646 -0.00432 2.226 2.425
18.07 0.7276 0.19982 -0.00318 2.255 2.444
19.12 0.7745 0.22675 -0.00181 2.272 2.451
20.22 0.8254 0.26345 -0.00083 2.339 2.512
21.21 0.8725 0.29592 -0.00068 2.362 2.527
22.25 0.9106 0.32920 0.00003 2.420 2.582
23.30 0.9568 0.36414 0.00037 2.432 2.587
24.34 0.9991 0.40054 0.00030 2.460 2.609
25.37 1.0317 0.43683 -0.00023 2.521 2.670
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Table 5
CURVED W NG ACL = 0.163

o, CL CD Cm K K'
-3.94 -0.3194 0. 06699 0. 00856
-1.84 -0.2214 0. 04553 0. 00841

0.26 -0.1152 0. 02753 0. 00812

1.30 -0.0737 0. 02238 0. 00664

2.34 -0. 0308 0. 01929 0. 00507

3.39 0. 0160 0.01643 0. 00284

4.42 0. 0560 0. 01548 0.00108

5.47 0. 1000 0. 01542 0.00014

6.51 0. 1409 0. 01659 -0.00143

7.53 0. 1690 0.01958 -0. 00263

8.57 0.2079 0. 02350 -0.00441 1.992 2. 384

9.62 0. 2609 0. 03044 -0. 00426 1.905 2.373
10. 66 0.3015 0. 03667 -0. 00627 1.857 2.331
11.70 0. 3462 0. 04653 -0. 00697 1.926 2.403
12.81 0.4033 0.06113 -0. 00821 1.983 2.449
13.81 0.4511 0. 07553 -0. 00700 2.030 2.478
14.85 0.5020 0. 08972 -0.00709 1.993 2.426
15.91 0. 5644 0. 11307 -0.00781 2. 037 2.418
16. 96 0. 6094 0. 13372 -0.00824 2.097 2. 467
18.01 0. 6592 0. 15637 -0.00784 2.119 2.470
19.05 0.7032 0. 17946 -0.00768 2. 156 2.495
19.05 0. 7053 0. 18018 -0.00786 2.152 2.489
21.15 0.8034 0. 24007 -0. 00468 2.242 2.557
22.18 0. 8347 0. 26520 -0.00233 2.303 2.617
23.22 0. 8759 0.29433 -0. 00097 2.330 2.635
24. 32 0. 9253 0. 33249 -0. 00091 2. 368 2. 663
25.30 0. 9592 0. 36804 -0. 00046 2. 446 2.742




SYMBOLS

aspect ratio

centre-line chord
vz(x,0,0)

- downwash at the centre-line

0

drag coefficient (= draglgpviS)

induced drag coefficient
mninum drag coefficient for canbered wng
profile drag coefficient of plane wng

lift coefficient (= 1ift/4pv>s)

lift coefficient at mninum drag

canber-induced increment in CL
pi tching nonent coefficient (= momentlgpvozosc) about x = 0.55 ¢
pressure coefficient increment between upper and lower wing surfaces
downwash di stribution paraneter

= TA(C, = CDO)/CIZ" induced drag factor
= 1rA(cD - C, )/(cL - C )2, induced drag factor
m Im

= -ACy, local |oading
canber-induced increment in 2
| ocal gsemispan

plan area of the plane wng

wetted areal?2
downwash velocity

free-stream velocity

23

Cartesian coordinates with origin at apex, x downstream vy spanwise,

z positive upwards
wing incidence from attachment condition
wing centre-line incidence
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SYMBOLS  (concl uded)

= y/s(x)
spanwise coordinate of discontinuity in v,

spanwise coordi nate of |eading-edge vortex

suffix characterising downwash distributions
| eadi ng-edge sweepback angle
frontal area
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SLR TEMPERATURE MEASUREMENTS | N THE
SUPERSONIC  EXPANSION OF NITROGEN |IN A SHOCK- TUNNEL

-b -~

Mchael J. Lewis and Leonard Bernstein
Queen Mary Col |l ege, University of London

SUMVARY

Tenperature measurenents, using the SLR method, are presented
for the expansion of nitrogen in nozzles attached to a shock-tube. The
measurements were nade at an area ratio of 8.5in a two-dinensiona
nozzle and at an area ratio of 152 in a conical nozzle. Initial
conditions were such that at the entrance to the nozzles the tenperature
ranged between about 2500 K and 5300 K and the pressure between 1 at mosphere
and 30 atnospheres.

Tenporal variations of tenperature were found in the nozzle flow
which are simlar to those previously measured at the nozzle entrance.

The apparent de-excitation rate of the nitrogen vibrational node
is up to 100 times faster than shock excitation data suggest.

*Repl aces A.R.C.34 951
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1. Introduction

The interest in hypersonic aerodynamics occasioned by the
practicability of spaceflight has necessitated the construction of
experimental facilities capable of simulating the flight conditions
in one or more respects. One of the more important of these conditions
is the very high total specific enthalpy associated with atmospheric
flight at very high speeds. The correspondingly high temperatures,
well above the melting points of structural materials, have led to
the development of wind-tunnels in which the high enthalpy flow is
of very short duration, so that only a minimum amount of heat transfer
takes place to the structure of the tunnel. Among these devices
is the reflected-shock tunnel, in which a convergent-divergent nozzle
is fed from a reservoir of high enthalpy gas generated by the passage
of a normal shock-wave and its reflection from the end wall of a shock-
tube.

The 1ideal behaviour of such a tunnel is fairly well understood
(see, Tor example, Glass & Hall, 1959). However in practice departures
from this 1ideal behaviour arise as a result of "real-gas effects";
viscous friction, heat transfer, turbulent mixing and deviations from
thermal equilibrium at the molecular level all play a part.* Many
of these effects have been investigated both experimentally and
theoretically, and while they are thought to be understood in large
measure, the complexity of the flow processes has meant that accurate
predictions of the state and duration of the flow of test gas cannot
be made. In essence then, each shock-tunnel needs to be calibrated.
Of course this is true of any wind tunnel, but the high specific enthalpy
of the shock-tunnel flow, the way in which this flow is generated and
its short duration make the calibration more difficult than with

conventional wind-tunnels.

An earlier report (Lewis & Bernstein, 1973) described some
experiments designed to ascertain the thermodynamic state and steadiness
of the reservoir gas behind the reflected shock in the small shock tube

at Queen Mary College, the cross-section of which is 38.1 mm square.

* Caloric and thermal imperfections may be readily taken into account
and are not regarded as affecting the “ideal™ behaviour, a term used to
denote the behaviour under conditions when transport phenomena depending

upon molecular collisions are negligible.
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The results showed that the reservoir gas was not in as uniform a
thermodynamic state as 1is desirable, nor is it free of disturbances
for as long as ideal theory predicts. Similar results have been
reported by other workers (for example Lapworth & Townsend, 1967).

The present report describes some experiments designed to

examine the effects of this lack of ideality on the hypersonic flow

issuing from a convergent-divergent nozzle. Two different nozzles
have been tested. The Tfirst is a two-dimensional nozzle mounted
within the confines of the shock-tube. This is the same nozzle described

earlier (Lewis & Bernstein, 1973), the measurements then relating to
the entrance region ahead of the convergence. On this occasion
temperature measurements in the diverging portion are described. The
second nozzle 1is a conical one, with provision for measuring stations

at several positions along the divergence, at much larger area ratios
than are available with the two-dimensional nozzle. In the event

measurements were only possible at one station.

The thermodynamic behaviour of the expanding nitrogen - the
test gas used = is perhaps the least well understood of the processes
which take place in a shock-tunnel operating at moderate pressures.

In the hot "'stagnant” gas in the reservoir, the pressure is usually
sufficiently high for thermodynamic equilibrium to exist. Thus the
temperature associated with the vibrational excitation of the molecules
is equal to that of the active modes. (We are assuming here that the
specific enthalpy is not so great that dissociation occurs, but a similar
argument to that which follows may be applied to chemical relaxation.)
When the hot gas expands into the nozzle, the pressure, density and
"temperature" fall. The fall in density implies a reduction in the rate
of molecular collisions, and 1in consequence the mechanism whereby the
temperatures associated with the vibrational and active modes become
equal is less effective. The "vibrational temperature' freezes and
energy remains locked in the vibrational motion of the molecules, while
the internal energy of the active modes =~ translational and rotational -
is converted into the directed kinetic energy of mass motion along the

nozzle.

-
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Now the relaxation rate has been measured for vibrational
excitation of the gas behind a shock-wave. Suchdata were obtained
in this shock-tube for nitrogen , and these compared well with those of
other workers (Lewis & Bernstein, 1973). In theory, with these data
and the equilibrium constant, it should be possible to estimate the
value at which the vibrational temperature will "freeze" for any given
reservoir conditions and nozzle. Such estimates prove to be seriously
in error, the apparent relaxation rate being much faster in the expanding,
de-excitation environment than one would infer from the excitation data.
The reasons for this remain somewhat obscure (see Hurle, 1971 for an
excellent  discussion). In consequence the nozzle flow must be calibrated
in the gross sense to determine the average thermodynamic state, as
distinct from the possible variations with time which may exist in

addition to those from point to point in the test section.

Such a calibration is presented in the following sections. In
the light of the foregoing remarks, attention has been concentrated on
the measurement of temperature. In particular the spectrum-line reversal
technique has been used with sodium as the seed element, it being assumed
that the temperature at which the sodium line-reversal takes place is
that corresponding to the vibrational temperature of the nitrogen.* In
discussing the results in detail, emphasis is placed upon correlating
the measurements with those made in the reservoir, and it may be found
convenient to have more of those results (Lewis & Bernstein, 1973) to

hand than are included here.

The measured temperatures are also compared with the "frozen"
vibrational temperatures predicted using a computer model of the expansion
with several relaxation equations. These equations have the temperature
dependence of the shock-excitation data, but contain a constant factor A,
which represents the apparent enhancement of the relaxation rate during
de-excitation.

* Resonance between the sodium electronic excitation and the 7th
vibrational level of the nitrogen 1is believed to occur. However doubt
has recently been expressed (Hurle, 1971) that the vibration energy

distribution 1is Boltzmann-like in a nozzle flow.
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2. The shock-tunnel and its operating conditions

The shock-tube used to generate the high enthalpy gas has
a channel section some 4.86 m in length the bore of which is 38.1 mm
square. This channel section is fabricated from bars of duralumin
and seals are provided so that it may be operated at sub-atmospheric
pressures, a two-stage rotary vacuum pump being used to evacuate it.
The steel driver-section is 1.22 m long and has a bore of diameter
76.2 mm. The Melinex diaphragms are preloaded into a special block
so as to reduce to a minimum the replacement time, and consequently
the time during which the tube 1is open to atmosphere. Diaphragm
rupture 1is initiated using a spring-loaded plunger. A more detailed
description of the basic shock-tube and its auxiliary equipment 1is given
by Bernstein (1963) and some of the subsequent modifications are described
by Ackroyd (1964). The original shock passage detectors and their
associated electronic amplifiers have been replaced by the improved
equipment described by Bernstein & Goodchild (1967).

The shock-tube may be converted for use in the shock-tunnel
mode in one of two ways. Between the downstream end of the shock-tube
and the dump-tank, there may be placed either an extension to the shock-
tube channel or a conical nozzle. The extension box has been designed
as a special test section for the shock-tube, and as well as having
three pairs of large diameter portholes in which windows may be mounted,
it also has provision for mounting models within the shock tube flow.

Such models are held in position by dovetails on the upper and lower
walls of the tube, and for one of the sets of experiments described here
the "model"™ consisted of a two-dimensional nozzle formed by two steel
inserts, as shown in figure 1. Station m, where the measurements were
made, is 5.386 m from the main diaphragm. The area ratio of this nozzle
is small (of order 10) and so it is not necessary to provide an initial
pressure difference across it to aid starting. The dump-tank, nozzle
and channel are all initially at the same pressure, and the nozzle driving
pressure is provided by the difference between this pressure and that

behind the shock which is reflected from the entrance to the nozzle.

The conical nozzle is of steel, and the interior surface is
coated with an epoxy-based paint to reduce outgassing at the relatively

low initial pressure needed to ensure that the nozzle will ™start".
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The throat section of this nozzle is 9.53 mm in diameter and it is

situated about 4.9 m from the main diaphragm. A thin Melinex diaphragm
is clamped at the throat section to support the initial pressure difference
between the nozzle and the channel; this diaphragm vapourises rapidly
upon shock reflection. Several measuring ports are provided along the
expansion cone, their positions and other relevant dimensions being

shown in figure 2.

The shock-tube was operated with high pressure hydrogen driving

shocks into nitrogen. The nitrogen test gas was of commercial quality,
but was specifically free of oxygen. Before charging the shock tube
each section was evacuated. The driver section was evacuated to a

pressure below 1 torr, the channel section to a value below 0.1 torr,
and the conical nozzle to a pressure of about 0.01 torr, its working
pressure. As mentioned earlier the time during which the shock-tube
was open to atmosphere was kept to a minimum in order to minimise the
impurity level of the test gas. However no special precautions were

taken to prevent the back-streaming of oil vapour from the vacuum pumps.

The other main source of impurity is associated with the
temperature measuring system. However, by using sodium azide, the number
of 1impurity atoms was minimised. The single-source , sodium line-reversal

system 1is described in detail by Lewis & Bernstein (1973).

The range of incident shock Mach number at which tests were
carried out was 4.6 to 7.6, giving nominal temperatures To at the nozzle
entrance between about 2500 K and 5300 K. The initial pressures in the
shock tube were varied so that the pressure Po in the reservoir at the
nozzle entrance ranged between 1 atmosphere and 30 atmospheres. The
initial pressure in the channel was measured by two Wallace & Tiernan
gauges covering different ranges, and the shock velocity was determined
by timing the shock passage between stations a short distance upstream
of the nozzle entrance using deci-microsecond chronometers. The
effective shock velocity at reflection was inferred from these wave
velocity measurements and the shock attenuation data of Bernstein (1963),

obtained for the same shock tube.



3. Measurements in a two-dimensional nozzle

Measurements of vibrational temperature TV were made, through
flush-mounted windows, at station ™M which was centred downstream of
the throat at a local nozzle area to throat area ratio of 8.5 . The
photomultiplier signals from the [line-reversal system were displayed
on an oscilloscope and recorded on Polaroid film. Four typical variations
of TV with time t are shown in figures 3 and 4 together with two represen-
tative oscillograms. The size of the data points is intended to indicate
the estimated uncertainty* in temperature and time, the Ilatter being
measured from the (estimated) time of arrival of the incident shock at
the nozzle entrance. On the oscillogram "a" indicates an absorption of

light from the calibrated background source, a filament lamp at an

effective brightness temperature of TL . The arrow "e" indicates
emission from the sodium seed atoms in the nitrogen test gas. SN marks
the arrival at the measuring station of the starting wave  process. The

nozzle entrance conditions, specified by Toand % are inferred from the

previous calibration of the region behind the reflected shock-wave.

Two significant points CN and DN are marked on each temperature
history to indicate the sudden changes in TV which occur. Temperatures

TCN and TDN together with the corresponding times tCN and tDN at which
they occur are defined for these points. Although these values of time
for the present measurements are not directly comparable with those in

the region behind the reflected shock (the former are from an Eulerian
point of view, while the latter are essentially from a Lagrangian viewpoint),

the similarity between the temporal variations of T, and T0 is evident.

)
It seems reasonable therefore to associate the temperatures TCN and TDN

with TC and TD respectively, and the latter may be estimatedfrom the

earlier calibration at the nozzle entrance.

* At the higher values of the reservoir temperature range, dissociation of

the nitrogen occurs absorbing large quantities of energy from the active and
vibrational modes. Dissociation depletes the population of the upper
vibrational energy levels which are repopulated from the lower levels. Thus
dissociation effectively reduces the vibrational temperature measured by

the present line-reversal method.
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At a time earlier than tCN a rather higher temperature is

evident than would be expected from the temperature variation at the

entrance to the nozzle. Two possible reasons for this may be put
forward. Sodium atoms are present in this nozzle before the incident
shock arrives at the entrance. When the starting waves process the gas

initially at the measuring station, a temperature rise occurs which 1is
detected by the line-reversal system. This temperature may be quite
high because the shock strength increases in the converging portion of
the nozzle, though of course it will attenuate in the diverging section.
The net effect is uncertain and vibrational 1 relaxation behind the shock
front probably also needs to be taken into account. An alternative
explanation 1is that the signal is "false", resulting from a scattering
of light into the emission beam from the hiigh temperature gas at the
nozzle entrance. This  “pre-emission™ signal would be reduced as the
scattered light is absorbed by the relatively cooler sodium atoms in

the nozzle flow and in the boundary layer on the nozzle walls.

Davies (1965) has demonstrated that as a result of the inter-
action which takes place between the reflected shock and the boundary layer
growing behind the incident shock, cold driver gas - hydrogen in this case -
is introduced into the nozzle entrance region and thus into the nozzle. It
is believed that the rapid fall in temperature after tDN is the result of

this cold hydrogen arriving at the measuring station.

As some indication of the duration of high enthalpy flow the

cn 2" Ty
number at the nozzle entrance. Curves for the corresponding times tC

times t are plotted in figure 5 as a function of the shock Mach

and tD at the nozzle entrance are also shown for comparison.

It is possible to obtain estimates of the characteristic
vibrational relaxation time t for de-excitation from these measurements.
The computations of Wilson, Schofield & Lapworth (1967) indicate that
within the range of reservoir conditions tested, the vibrational energy
mode should be frozen upstream of the measuring station m. Thus the
measured reversal temperatures which are assumed to correspond to the
vibrational temperature are no direct guide to the energy content of the

active modes; they represent the frozen vibrational temperature.
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Theoretical estimates of this frozen vibrational temperature
TF , Tor a particular nozzle and given initial conditions may be
obtained by solving the one-dimensional flow equations simultaneously
with a rate equation for vibrational relaxation. Wilson and his
colleagues (1967) have carried out such calculations for a range of
reservoir conditions and a two-dimensional nozzle having a throat height

r* of 2.54 mm and slightly curved walls, the semi-angle GN near

the throat region being about 12.5". They use the equation (with A = 1)
_5 é
Tp . 1.1 x10 (1) expl__ 154
us atm A K P 1/3
(k)

for the relaxation time together with the Landau-Teller rate equation,
where A = 1 corresponds to the measured rates in a shock-excited
environment and A = 10 implies a rate ten times faster, on average,

than those measured.

The differences between their nozzle and that used in the
experiments reported here may be taken into account by means of the

similarity parameter (Campbell, 1963)

*
r pok

A= tan §N

It is assumed that TF is a function only of A and that differences in

¥ and GN may be compensated by adjustment of the reservoir pressure po
for a Fixed value of A.

Using the results of Wilson,Schofield and Lapworth (1967) in this way

and taking A = 1, values of TF corresponding to the present tests have

been estimated. The ratios of the measured temperatures TCN and TDN

to those values of TF are plotted in figure 6 as a function of the
stagnation temperature T0 ; The fact that all these ratios are less

than unity implies that }x > 1 and that de-excitation proceeds faster

than excitation measurements would suggest. The procedure was repeated

with A = 10, but the ratios of measured to estimated temperature were
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still below one. Unfortunately the range of computations presented
by Wilson and his co-workers is not sufficient to include *» = 100
for the experimental conditions reported here, but extrapolation
suggests that de-excitation of the vibrational mode proceeds about
two orders of magnitude faster in this nozzle than expected from

shock-excitation measurements.

The data of other workers (see Hall & Russo, 1967) are also
indicated in figure 6. Agreement between their data and that
reported here would be implied were the latter to fall more or less
within the shaded area. Direct comparison 1is not strictly justifiable
because of the different correlation equation they use for the excitation
data. However it is expected that differences arising from different
nozzle geometries and stagnation pressures may be largely eliminated by
plotting the ratio of measured to calculated temperature (Hall & Russo,
1967).

4, Measurements in a conical nozzle

Temperature measurements were also made through windows
mounted in the removable inserts of station AA" of the conical nozzle.
The 1local geometric area ratio at this station is 152. The early
attempts to obtain measurements were unsuccessful, a very poor signal-to-
noise ratio resulting from the thick boundary layer growing on the nozzle
wall through which the light had to pass. The windows, originally
almost flush with the wall, were remounted so as to extend through the
boundary layer as illustrated in figure 7. With this '"skimmer" technique
satisfactory results were obtained, but the noise level remained fairly
high, largely because the equipment needs to be operated at high sensi-
tivity when the gas density is low. Even with the "skimmer" technique
attempts to obtain measurements at station CC* in the nozzle failed
because the signal-to-noise ratio was so poor. Several  complementary
measurements of static pressure in the nozzle were made using a Queen

Mary College, type H transducer (Goodchild & Bernstein, 1972) mounted



at station B. Signals were displayed on a cathode ray oscilloscope

and recorded on Polaroid film.

Some typical variations of vibrational temperature with
time are shown in figures 8 to 11 together with representative
oscillograms. The vertical bars on the data points indicate the un-
certainty in the measurements which results largely from the noise,
evident on the oscillograms. Again time 1is measured from the
estimated time of arrival of the incident shock at the entrance to the
nozzle. The nomenclature used in these figures is similar to that
used for the two-dimensional nozzle with the addition of a point JN
which marks the first arrival at AA" of hot gas from the reservoir.
Because very few sodium atoms are present in the nozzle prior to shock
arrival, the starting wave system was not detected by the sodium line-
reversal system. The abnormally high "emission" signal at the beginning
of each oscillogram are almost certainly caused by scattered light.
The influence of the varying conditions in the reservoir is again clear
and once more the sharp fall in temperature after time tDN is believed
to be caused by the premature arrival of cold hydrogen at the measuring

station.

A static pressure record, taken at station B is reproduced
as figure 12. Because of the transducer ringing, resulting from vibra-
tion of the shock-tunnel structure, only four “reasonable” records were
obtained. Although this precludes quantitative measurements from
being made, the influence of the varying reservoir conditions is Tairly
clear, and so is the arrival of the starting shock, labelled SN , at
station B.

As an indication of the duration of the (albeit unsteady) high
enthalpy flow, the times tCN and tDN are plotted in figure 13 as a
function of the incident shock Mach number W(XT) 1in the shock-tube. For
comparison curves for the corresponding times tC and tD at the nozzle

entrance are also shown. The time t,, at which hot gas from the

JN
reservoir Tfirst arrives at the measuring station is also shown, and may be

compared with time tSN , the time of arrival of the starting wave at

station AA", jinferred from the pressure measurements at station B,
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Values for the frozen vibrational temperature TF were calcu-
lated for this nozzle using the computer programme of Wilson, Schofield
and Lapworth (1967) and the relaxation-time equation of Section 3 which
is based upon a correlation of shock-excitation data (Erickson 1963) which
accorded quite well with the measurements reported earlier for this shock-
tube (Lewis & Bernstein, 1973).. Corrections for the boundary-layer
growth on the nozzle wall were made by estimating a typical value of the
displacement  thickness, modifying the nozzle angle accordingly and using
the similarity parameter A as before. The corrections were small, so
that a more elaborate approach was unjustified in view of the uncertain-

ties in the measurements.

Some of the measurements have been grouped into two sets:
one group is characterised by a stagnation temperature of approximately
3300 K, the other group by a common reservoir pressure of 13 atmospheres.
Figures 14 and 15 show these two sets of data together with the theoreti-
cal predictions for various values of the relaxation enhancement rate
parameter A . The ratio of measured to calculated frozen vibrational
temperature (for » = 1) is also shown in figure 16.

The scatter in the data arises partly from uncertainties in
the measurements in the nozzle and partly from uncertainties in the
stagnation conditions. An accurate assessment of the relaxation rate
in this nozzle, cannot therefore be made. It would appear from
figure 14 that the effective relaxation rate diminishes with increasing
reservoir pressure. On the other hand figure 15 suggests that the
effective rate increases with iIncreasing To’ although the results at high
stagnation temperature are subject to greater uncertainty because of the

possibility of some dissociation having occurred in the reservoir.

For this nozzle the effective enhancement rate )\ would appear
to be about 20 on average. Again a direct comparison with the data corre-
lated by Hall & Russo (1967) is not justifiable because of the different
basis upon which they estimate TF . Had their rate equation been used
for the shock-excitation data, a larger value of )} would have been

obtained, comparable with the value of 70 that they quote.
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5. Concluding remarks

Temperature measurements using the sodium time-reversai
technique have been made 1in nitrogen expanding quasi-steadily in two
separate convergent-divergent nozzles attached to a shock-tube. These
measurements were made at a geometric area ratio of 8.5 in a two-
dimensional nozzle and 152 in a conical nozzle. The initial shock-
tube conditions were such that at the entrance to the nozzle the pressure
ranged from 1 atmosphere to 30 atmospheres and the stagnation temperature
from about 2500 K to 5300 K, the system being used as a reflected shock
tunnel.

The variations in measured temperature in the expanded flow
follow fairly closely those measured previously at the entrance to one
of the nozzles, albeit on a slightly different time scale (Lewis &
Bernstein, 1973). The duration of high total-enthalpy flow is about
0.3 ms. Over this period, the measured temperature, which 1is associated
with the vibrational temperature of the nitrogen, varies by approximately
10%. The ideal behaviour of a shock-tunnel as characteriseg by the
"tailored-interface™ mode of operation was not apparent. The variations
in temperature during the “steady" flow period are thought to be due to the
finite extent of the “interface™ between the driver and driven gas in
the shock tube (Lewis & Bernstein, 1973) so that there are always waves of
finite strength reflected from the interaction between this region and
the reflected shock. The premature termination of the hot flow is
believed to result from the arrival at the test station of cold driver
gas which also emanates from the shock-mixing region interaction. The
cold gas in the boundary layer, having a momentum differing from that in
the core flow is not brought to rest by the reflected shock as 1is required
for ideal operation in the tailored-interface modes (Davies, 1965).

Further non-idealities arise in shock-tunnels operated at
moderate pressures because of the Tfinite relaxation time of the vibrational
mode(s) of polyatomic molecules such as nitrogen. Usually the gas in the
reservoir region of a shock-tunnel 1is of sufficiently high density for
thermal equilibrium to exist there. Upon expansion the energy in the

vibrational mode is frozen, but the frozen vibrational temperatures of

nitrogen appear to be lower than shock-excitation relaxation rates would
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suggest. The de-excitation rates appear to proceed about 20 to 100
times faster than the excitation rate does at the same pressure and

temperature.

One suggestion which has been put forward in explanation
is that as the gas departs further from equilibrium the distribution of
energy in the vibrational mode becomes less Boltzmann-like. Since the
sodium line-reversal technique which was used measures essentially the
"temperature™ of only one vibrational level, it does not give a result
representative of the vibrational energy as a whole. Hurle (1971)
discusses this explanation further together with the results of other
workers who use different measuring techniques with similar anomalous

results for nitrogen (see, for example, Russo & Watt, 1968).

Another explanation involves the effects of impurities; in
particular highly mobile hydrogen atoms have been suggested as having
a catalytic effect. Unless elaborate precautions are taken, the im-
purity level is difficult to control. Systematic tests by Russo (1966)
over a range of hydrogen compound concentrations from 1@“_4 to 3 x 107

show little effect on the de-excitation rate except for concentrations

-3 -
above 10 ~. However Russo was careful to draw no conclusions for
- -4 -
concentrations below 10 . In the present experiments sources of
hydrogen are manifold. Hydrogen was of course used as the driver gas,

and in spite of evacuation of the shock-tube prior to loading with test
gas, some hydrogen will have remained. Again the mechanical vacuum
pumps are a source of hydrocarbon oil vapours, which may "back-stream"

into the test gas, since no "cold-trap” was used. Such hydrocarbons are
readily stripped of hydrogen atoms in the high temperature environment

of the doubly shock-processed gas at the entrance to the nozzle. The
hydrogen bond 1is such that the typical characteristic dissociation tem-
perature ( GD = D/k ) is about 53 000 K, so that appreciable dis-
sociation, 0.1% say, will occur at temperatures of about 2 000 K, at

pressures of order 1 atmosphere.

The present results do not allow us to distinguish between
these explanations and the reasons for the anomaly remain obscure,
Until a satisfactory explanation is forthcoming, tests in hypersonic high
enthalpy streams will always be attended by some uncertainty as regards the

state of the undisturbed flow.
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Nomenclature

pressure
trace (real) time

time to point K (see suffices)
temperature

temperature at point K (see suffices)
measured vibrational temperature

lamp brightness temperature

incident shock Mach number at nozzle entrance

Suffices

nozzle entrance conditions
initial channel conditions
points on measured data
K = C, D for nozzle entrance measurements

OR K = CN’ DN’ SN, JN  for nozzle flow measurements

calculated frozen value
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