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SUMMARY

An analysis has been mde of measurements In various wind tunnels of
AGMR Calibration Models A, B. C. D and R. The analysis has shown
considerable scatter of results. particularly at transoinic speeds. on
Models B and C. When transition is fixed on the models, scatter In
reduced and, where possible, reference curves are given to enable
comparison to be made with any future tests.

SONAIRE

tine analyse a 6ite faite des meaures effectue'es dana de diffe'rentes
souffleries sur lee maquettes d' 6talonnage A. 8, C. D et 3 de 1' AGAR.
V analyse a d~.ontr4 un 4cart Important done lee r6sultats obtenus, tout
particul~rement ani viteases tranasoniques, sur lea maquettes B et C.
Lorsque le point de transition eat fix4 sur lea maquettes, 1l6cart

dimiue;dan leacaso~,il a e' possible, on a donn6 des courbes de
rife'rence. pour permettre d' ~tablir use comparaison avec; lea rsultats
de tons esaes future.
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GENERAL INTRODUCTION

The need for comparison of different wind tunnel facilities was recognized as
early as the nineteen twenties when the same airship model was tested in many of the
wind tunnels in the world. This international programe was successful in high-
lighting some differences between these wind tunnels and reducing the uncertainty of
comparison of results from different sources. Since in the period 1940-1950 a large
number of new tunnels and new types of tunnels were built, a similar programme of
comparative tests was suggested in 1952 by the Wind Tunnel and Model Testing Panel of
AGMD. meeting in Roe, Italy. It was thought that models suitable for testing in
supersonic tunnels would be particularly useful to determine the degree of variation
in test results between the different tunnels and would enable the effects of changes
in Reynolds number, turbulence, model size and model tolerances to be investigated.

Two models were selected at the 1952 meeting. AGM Calibration Model A is a body
of revolution designed by N.A.S.A. and designated by then as Rf 10. This model had
already been tested extensively in the U.S.A. and its drag characteristics were shown
to be sensitive to boundary layer transition and the model was thus useful for com-
parisons based on drag results. It was intended that the model should be tested with
and without stabilizing fins so that wind tunnel results could be compared with free-
flight tests.

AGMR Model B is a configuration consisting of a delta wing mounted on a
cylindrical body of revolution. The wing has a 4% thickness/chord ratio bi-convex
section and the planform is an equilateral triangle. This model was sloted as
being suitable for the measurement of overall forces, particularly in supersonic
tunnels.

At the Panel meting in Paris in 1954. it was agreed to add a third calibration
model - AGAi C. This model is identical to Model B except that the body is extended
aft and a fin with a T-tail mounted on the top added. It was hoped that the addition
of a horizontal tail surface would make it easier to detect reflected shock waves.
since theme would alter the pitching moment due to the tailplane. It was therefore
thought that this model would be most suitable for tests in the transonic speed
range.

AGARD Calibration Model D was agreed upon at the Panel mseeting in Ottawa. Canada,
in 1955. This model is an elementary wing alone designed to check comparative
derivative measuraments in low speed tunnels. It was thought that this model would
provide a means of checking the different types of testing methods and mechanism
used in dynamic stability measurements. A similar model for dynamic stability tests
in supersonic tunnels consisting of a thin delta with sharp leading and trailing edge
was agreed later as ASBD Model P.

In view of the recent rapid development of various form of testing in the hyper-
sonic speed range, it was suggested that a hemisphere should be designated as AGAND
Calibration Model 2 for testing in such facilities. Measurements of pressure
distributions, stagnation temperature, heat transfer and normal aerodynamic
coefficients should be compared.
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In this AohADograph, the results on the various models have been collected and
analysed. A large number of tests have been done on Models A, B and C and a few
tests on Models D and S. No tests have yet been reported on AGARD Model P. Detailed
conclusions have been included in each section, but it is worthwhile summarizing the
main points here.

The tests on Model B in the supersonic tunnels show on the whole reasonable agree-
ment. The scatter of results obtained on Models B and C in various transonic
facilities is larger than might have been hoped and is more than the figures which
have been quoted for experimental accuracy. In a few cases the scatter may be due
to inaccuracies in measuring techniques, but the major differences are probably due
to changes in the state of the boundary layer. It was realized soon after the cali-
bration models were specified that consistent results would only be obtained if
transition was fixed near the leading edge of the wings and the nose of the body.
Many of the tests have, however, been made with transition not fixed and these
results, as might be expected, show the most scatter, not only of drag and base
pressure but also of lift and pitching moments. Results with transition fixed are in
general more consistent, but are still not as good as might be expected. Where
possible, reference curves have been given in this report for the transition-fixed
condition so that a comparison with any individual set of results can be made.

The tests have shown the importance of checking flow inclination and flow
curvature in all parts of the working section of a wind tunnel. Lift and pitching
moment were not always zero on the symmetrical Model B at zero incidence. Model C
showed even larger discrepancies because changes in the flow over the base of the
body caused changes in the flow angle over the tailplane, adding to any similar
changes in flow angle at the tailplane due to the tunnel flow inclination.

The transonic tests on Models B and C have not shown any consistent effects near
Mach number 1.0 of interference from the walls of the tunnels and it has not been
possible to examine the comparative merits, for exmple, of slotted and perforated
walls. It is evident that a different type of model is required for a test of this
nature.

Only four tests have been reported on dynamic stability models at low speeds and
few conclusions can be drawn. The two models proposed for this type of test should
prove valuable in the future in checking the efficiency of various types of rip
which are being developed for dynamic stability measurements.

Hypersonic test facilities are now coming into operation fairly rapidly but there

are not sufficient tests on hemispheres available yet to provide very uch comparative
data. The review which has been made here can only be regarded as a preliminary one
and many more results should be forthcoming in the next year or so.

R. Hills

November 1961
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PART I

TESTS ON AGARD MODEL A

by

ft. hill

Aircraft Research Association. Bedford, Usland



SUNNARY

An analysis has been made of various wind tunnel, flight and range
measurements on a slander body of revolution. The tests covered a
range of Reynolds numbers from 1 x 106 to 140 x 10'6 and ach numbers
from 0.85 to 6.9. With transition fixed near the nose of the body, the
measurements of drag in the various facilities show reasonable agree-
ment but, with a smooth model, there are wide variations due to
differing transition positions.
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NOTATION

A body frontal area

Ab body base area

CDb base drag coefficient, = - (Ab/A) Cpb

CDP forebody drag coefficient. = CDT - CDb

CDf forebody friction drag coefficient. = CDP - CDP

CDP forebody pressure drag coefficient

CDT total drag coefficient. = D/(qA)

Cf flat plate skin friction coefficient

C specific heat at constant pressure

Cpb base pressure coefficient relative to free stream static pressure.
= (Pb - P)/q

CL lift coefficient, = L/(pV2A)

D mensured drag

db body base diameter

de  sting diameter at body base

k coefficient of heat conduction

I length of body

n kch number

q dynamic pressure, = %pV2

R Reynolds number based on body length

T1 temperature at outer edge of boundary layer

Tg  temperature at body wall

a angle of incidence (degrees)

1A coefficient of viscosity

exponent in viscosity-temperature relationship (i.e. M T")



TESTS ON AGARD MODEL A

1. INTRODUCTION

AGARD Model A is a slender body of revolution which was selected as a suitable
calibration model for testing and checking supersonic wind tunnels. As NACA AM 10
body, this model was tested in a number of wind tunnels and in flight before it was
selected as an AGARD calibration model.

Some collections and analyses of results have already been made 2. In this paper
this work lHs been used extensively to provide a comprehensive summary on all the
work done on this model to-date.

2. RANGE OF TESTS

Figure 1 gives the details of the model. Most of the tunnel tests have been made
on the model without fins and a single flight test has also been made on a sting-
supported model without fins. Other flight tests were made on self-powered rocket
models with fine and range tests have been made on finned models.

The tests have been made over a range of Reynolds numbers from 1 x 106 to 40 x 106
in tunnels and 12 x 106 to 140 x 106 for free-flight models. Mach numbers covered
ranges from 1.5 to 6.9 in tunnels and 0.85 to 4 in flight.

3. MODELS AND MEASUREMENTS

A full description of the tunnels and models used is given in the various references
and is not repeated here. An attempt has, however, been made in Table I to sumarize
the most important details. The AGARD specification for the ratio of sting diameter
to base diameter, as shown in Figure 1, was not published until after many of the
tests noted here were made and the different values used in different tunnel tests
my well alter the results. This is discussed in further detail later.

In some cases, details of the construction and surface roughness of the model have
been given2 ''. The model finishes were of high standard, in general, and it is
unlikely that difference of finish between models has had any large effect on the
results. Transition was fixed in a number of tests by stripe of carborundum powder

near the nose of the model. One test in a range was made with transition fixed by
machined grooves on the nose of the model.

In the flight measurements with fins, the standard method of Doppler radar was
used to obtain velocity and telemetered signals from a pressure cell and a longitudinal
accelerometer gave base pressure and total drag. In the fin-off flight tests, the
forces were measured on the model with a sting balance, the readings being transmitted
to the ground by telemetering.

Skin friction has been measured in a few caes both in flight1 2.13 and in the
NACA 4 ft and 9 in. tunnels 2 by rake surveys of the total pressures through the

7
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boundary layer. To obtain the skin friction drag, an estimated temperature gradient
through the boundary layer was used, as discussed In Reference 2.

Porebody pressure drag has been measured in some tunnel tests by integrating the
pressure distribution measured at a number of orifices (12 to 240 in number) in the
model. In some cases several rows of orifices were used; in other tests the model
was rotated about a longitudinal axis and a number of sets of readings was taken.

One set of tests has been made on a half-model7 mounted on the wall of the tunnel.
The half-model was displaced from the tunnel wall by a shim, to allow for the boundary
layer thickness. Tests at M = 1.57 showed that this shim had to be about three
times the boundary layer displacement thickness to give a drag on the half-model
domparable with that on a complete model measured in the same tunnel. For Mach
numbers of 1.8 and 2. the half-model gave good agreement with a complete model with
a shim of about twice the boundary layer displacement thickness.

4. RESULTS AND DISCUSSION

4. I Model Without Fins

A plot of the measured total drag coefficient from a representative set of results
at varying Reynolds number and Mach number is shown in Figure 2 (taken from Reference
4). There is obviously a very considerable scatter in these results and further
detailed analysis is necessary.

The results with transition fixed are much less scattered than the main body of
data, but unfortunately there are not enough tests with transition fixed to enable
any comprehensive analysis to be done using only these results. To compare the
results, the total drag has been separated Into base drag, forebody pressure drag
(i.e., total pressure drag) and skin friction drag.

4.2 ase Pressure Drag

Most of the tests have been made with a sting diameter from 0.58 to 0.72 of the
base diameter rather than the recommended 0.49. In one set of recent AEDC tests
(Reference 27*), a comprehensive range of sting diameter to base diameter and length
of parallel sting to base diameter was tested. Some early NASA tests in the 4 ft x
4 ft tunnel at U = 1.59 suggested that for turbulent flow over the model there
should be no change in the base pressure due to sting taper, provided that there was
a parallel length of sting 2.5 times the base diameter downstream of the base. In
the AWC tests a critical sting length was defined as the length for which there was
no further change of base pressure with increase of parallel sting length. Pigure 3(a)
shows this critical length plotted against Mach number for three Mach numbers and
includes an indication of the Reynolds number at which the flow over the base becomes
turbulent. The curves marked as "Wake Unstable" at M = 2.0 and 3.0 were in regions
where a small change in Reynolds number produced a rapid increase in base pressure,

* This Report was received after the main body of the analysis in this note was completed and
results from It have not been included in all the figures.
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although It appeared that sting interference was a minimum. No explanation of this
effect has been given. These results show that the AGAlD specification is satisfactory
for the transition free case at R > 1.3 x 106 for U = 2.0 , R.>2.3 x 106 at
M = 3.0 and R >3.1 x 106 at M = 4.0 . At M = 5.0, it was not possible to find
an interference-free sting length in the range tested (ls/db = 1 to 6 and
R = 1 to -2.7 x 106) .

A similar examination of the effect of sting diameter is shown in Figure 3(b)
(from Reference 27). This shows two distinct curves for laminar and turbulent flow.
For the turbulent case, the base pressure appears to level off to a constant value
for the smallest diameter tested (0.3 db) , but for the specified value of 0.5 there
is still some interference present at M = 2.0 to 4.0 . The variation for the
turbulent case for 0.35 4 ds/db 4< 0.66 is only 0.015 in base pressure coefficient.
For the laminar case. the curves show an increase with decrease of sting diameter and
no Interference-free sting diameter can be determined. However, the variation of base
pressure Is small for sting diameters of over 0.5 db .

The general shape of the change of base pressure with Reynolds number, with
transition free, is illustrated by Figure 3(c) (from Reference 27). When the Reynolds
number is low there is a laminar boundary layer over the whole body and extending into
the wake. Under these conditions the base pressure is very small. As the Reynolds
number increases, the transition to turbulent flow moves forward in the wake to the
base of the body and the base pressure decreases rapidly. The minimum value of base
pressure occurs when the transition to turbulent flow is at the base of the body.
Thereafter, as the transition point moves forward on the body, the base pressure
increases slightly, probably until the transition is at the nose of the body. After
this point a further increase of Reynolds number only results in a small further
change in base pressure.

With the transition fixed at the nose of the body, the one curve on Figure 3(c)
at M = 2.0 confirms the results of Reference 2 that the base pressure is nearly
constant over the Reynolds number range from 2 x 10' up to 107 . Above R = 107
there is a slight decrease with further increase of Reynolds number.

Figure 4 attempts to sumarize all the results of base pressure plotted against
Mach number for three different Reynolds numbers. No correction has been made for
sting diameter in these results and, since in all cases the sting diameter is higher
than the recomended, -Cpb Is probably about 0.01 too high compared with results
for the recommended sting diameter of 0.49. This difference is fairly small compared
with the scatter of the results.

At a Reynolds nunber of approximately 30 x 10' the flight test, which covers a
large range of Mach number, agrees well with the few tunnel tests which have been
made at high Reynolds number and, as shown in Reference 3. it is In good agreement
with the estimates of base pressure based on the theoretical work of Love". At the
lower Reynolds numbers, the transition-fixed results show little change and reasonable
agreement between the different tunnels. The natural transition results are. however,
very scattered. At t = 4 x 106 and M = 2 , for example, Cob can range from
-0.02 to -0.12 and Its value Is obviously dependent on the transition position on the
body, which can vary in different tunnels for the same Reynolds number and Mach
number.
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4.3 Forebody Drag

The forebody drag is obtained by subtracting the base drag due to base pressure
from the total drag. It in shown plotted against Reynolds number for one set of
tests in Figure 5 and against Mach number for various Reynolds numbers in Figures
6(a) and 6(b). At the highest Reynolds number the tunnel results are all in reason-
able agreement and, though transition was not fixed in these cases, it is probably
near the nose of the models. The flight test, which was also made at high Reynolds
number, shows an appreciable lower value for drag throughout the Mach number range.
As pointed out in Reference 6, this is probably due to a more rearward position of
transition in flight, where the appreciable heat transfer to the model will have the
effect of stabilizing the boundary layer. Tunnel experiments were made with a body
which could be heated or cooled 2 and the results confirmed the theoretical estimates
of the stabilizing effect of heat transfer.

At the lower Reynolds numbers there is considerably more scatter on the results,
which must be due to variation of transition position. With the transition fixed
forward the results are in reasonable agreement, but there is not sufficient
information, particularly at the higher Mach numbers, to draw man curves accurately.
Unfortunately no observations of transition position were made in the tunnel tests
and so further correlation of the forebody drag in not possible.

4.4 Porebody Pressure Drag

Figure 7 shows the measured forebody pressure drag compared with various estimates,
including one made by using characteristics from Reference 3, two from Reference 8,
using the estimates of Praenkel' and Lighthill' a second-order theory, and one made
from the generalized curves of Reference 11 (also based on Praenkel's work). Near
M = 1.5 , all the estimates and measurements agree reasonably well but, at higher
Mach numbers, there are appreciable differences between the estimates, amounting to
as much as ±0. 01 on C over the Mach number range from 3 to 4. Unfortunately
there are not at present sufficient experimental results, particularly in the Mach
number range 3 to 5. to check the estimates.

4.5 8kin Friction

By subtracting the forebody pressure drag from the forebody total drag, the skin
friction drag, CDf , can be obtained. Where possible the measured value of forebody
pressure drag has been used, but if this is not available the value given by the
generalized curves of Reference 11 (Fig.7) has been taken. Figures 8(a)-(c) show the
results plotted sainst Reynolds number. These curves are similar to those given in
Reference 7, but, in that report, the forebody pressure drag as given by slender-body
theory was used. For comparison the skin friction drag on a flat plate is also shown.
For the incompressible laminar skin friction on a flat plate, the Blaiue formula
Cf = 1.32$/VR has been used, with a compressible flow correction using Young' s
formula1 ?

Cf + 0. $55 (- - 1) N

Cfi
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where a mean value of a = 1ACp/k = 0.72 and wo = 8/9 were taken. so that

Cf = (1 + 0.1239 M2) ' °sea

CfI

For a turbulent boundary layer, the incompressible skin friction formula due to
Prandtl and Schlichting has been used:

0.455
Cf =-(logR9

with a correction to compressible flow due to Youngs
1

2.58
Cf Tilog R

CfH T\log R + (2 + Wo) log(T1 /T)

where, with zero heat transfer,

T 1 + Y 2 1/3) 0

and values for a = 0.72 and o = 8/9 have been taken.

For the AGARD Model A. the drag coefficient is based on body frontal area and
CDf = 36.3 Cf . No allowance has been made for the increase in skin friction due to
increase in velocities round a body compared with a flat plate.

Over the Mach number range from 1.6 to 2.5. the results (Figures 8(a) and (b)) show
very good agreement between flat plate skin friction and the measurements on the body.
At higher Mach numbers the agreement is not quite so satisfactory.

This method of plotting the results shows clearly the Reynolds number range for
transition from laminar to turbulent flow on the bodies and, on Figures 8(a) and 8(c),
the transition Reynolds number on a 100 cone In some of the tunnels is also shown.
These transition Reynolds numbers are very close to the Reynolds number at which
forward movement of transition occurs on the AGARi) Model A.

The measurements of skin friction made on the AMD Model A body with a rake12 , 13

in flight over a Mach number range from 1.5 to 3.0, have shown very good agreement
with van Driest's theory1 ' for turbulent skin friction when the effects of heat
transfer are included. In this Mach number range this theory gives values of
turbulent skin friction 5S to 65 above the formula quoted here. This difference
between the theories is within the experimental error In the measurements.

4.8 Orag with Vim

Few detailed tests have been done on the model with fins. In Reference 10 soew of
the results available have been analysed and some results are given from range firings
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of models where the transition position could be estimated from schlieren photographs.

Some tests were also made with a screw thread type of trip near the nose of the model

to locate the transition forward. The variation of total drag with transition

location could then be obtained and Figure 9 (from Reference 10) shows the results at

M = 1.6 and R- 3 x 106 and M = 3 and R- 5 x 106 . There is a reasonable

overall agreement between the range results and the tunnel tests.

Further results on the drat of the model with fins are given in Reference 2 over a

range of Mach numbers up to 3, including free-flight tests, and at M = 6.9 in

Reference 8. Some tabulated results are included in Table II, but further analysis

is not really possible because so few comparisons are available.

4.7 Lift and Pitching Moment

The lift curves for the body alone are non-linear and Figure 10(a) shows the

results expressed as a ratio CL/a for a range of incidence. There is a reasonable

agreement between the various different results over a wide range of R from

3 x 106 to 30 x 106 . The effects of transition cannot be evaluated, as its

position was not recorded in these tests.

Figure 10(b) shows the corresponding curves for the variation of centre of pressure

in term of body length. Figure 11 gives the corresponding curves with fins. The

number of results is rather limited but, again, there is a fair agreement among them.

5. CONCLUSIONS

(i) The total drag measurements on the AGAMD Model A show considerable scatter
of results in various tunnels.

(ii) Base pressure measurements show a consistent set of results at high Reynolds
number (20 to 30 x 106). but at lower Reynolds number there are large
differences and the pressure is dependent on the thickness and state of the

boundary layer near the base of the body. If the transition is fixed at the
nose. the base pressure is reasonably independent of Reynolds number from about
2 x 106 up to 107 and only decreases slowly at higher Reynolds number.

(iii) Pressure distribution measurements give a forebody pressure drag in good
agreement with the various theoretical estimates for M = 1.5 to '2 , but

at higher Mach numbers there are few experimental results.

(iv) The skin friction drag is in very good agreement with flat plate skin friction

for both Imainar and turbulent boundary layers over the Mach number range
1.6 to 2.5 but in not quite such good agrement at the higher Mach numbers.

(v) At Mach numbers in the range 1.6 - 2.5 the transition Reynolds number on the

AGM Model A is close to that on a 100 cone.

(vi) While a test with a smooth model is a useful check of the transition Reynolds
number of a tunnel, the transition should be fixed near the nose of the model
if comparison of results with other tunnels is required.

(vii) Lift and pitching moment measuremants with and without fins show reasonable
agreement in results from various tunnels.
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TABLE II

Miscellaaeous Measurements of the Drag of ASARD Model A with Fies

Ref. M 1.4 1.6 2.0 2.5 3.0

2 NACAO 10"IR 100 150 20 50 -

Flight CDT 0.265 0.25 0.23 0.207 -

146.5 in. CDb 0.04 0.045 0.045 0.044 -
models

2 NACAf 10-6t 27-50 35-60 50-75 85 -
Plight73.2 in. CDT 0.23 0.225 0.205 0.203 -

models CDb 0.025 0.030 0.025 0.025 -

23 MACA 10-6R 83 93 107
Plight CDT 0.222 0.205 0.185

CDb 0.037 0.035 0.032

M 1.77 1.78 1.81 2.34 2.37 2.44 3.21 3.21 3.22

24 Aberdeen 10-6R 9.9 9.9 9.9 12.9 12.9 12.9 17.8 17.8 17.8
BLI

R me linar 5 5 78 45 45 84 14 75 85
area(S)

CDT 0.295 0.276 0.245 0.231 0.234 0.231 0.221 0.200 0.200

* 6.9 6.9 6.9 6.9 6.9 6.9 6.9

8 MACA 10OR 1.8 2.1 2.6 3.0 3.75 3.9 4.4
11 in.
Hyper- CDT 0.145 0.134 0.125 0.119 0.113 0.110 0.106

sonic
Tuael

SResults trom several models, M < 2. scatter of 0.01 o C
f Results frm several models. N < 2. scUtter of 0.015 m CDT sad 0.01 cS mDb
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PART II

A REVIEW OP MEASUREMENTS ON AGARD CALIBRATION MODEL B
IN THE TRANSONIC SPEED RANGM

by

H. Va1k and J.H. van der maan

flational Luoht- on Iintovsartlaborstorimu. Atordw



SUIIIAIR¥

This report contains a survey and a comparison of the results from
tests with AGARD Calibration Model B at Mach numbers between 0.7 and
I.3. The available data include tests in different wind tunnels, at
different Reynolds numbers and blockage percentages for models with and
without fixed transition.

The results from different sources show many discrepancies; some of
these can be explained. A first effort is made to establish reference
curves, to facilitate further oomarison.
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NOTATION

Ab body base area

b wing span

B teat section width

mean aerodynamic chord, = 2.309 D

CST average geometric chord of wing-body combination,

wetted area of wing-body combination= 1.50i
2 (b - D) + 7D

CDb base drag coefficient, = -(Ab/8)CPb

CDf forebody drag coefficient, = forebod: drag = CDt " CDb

ACDf transonic drag rise coefficient, CDf - (CDf)MSU.8

skin-friction drag
Cf skin-friction drag coefficient, =

q x half wetted area

CDt total drag coefficient

CL lift coefficient. = lift/(qS)

CL. lift curve slope, = dCL/dm

Ca pitching moment coefficient about 50% of mesa aerodynamic chord (.rc),
= moment/(qW)

Cpb base pressure coefficient relative to free stream static pressure,
= (Pb -P)/q

d sting diameter

D body diameter

H test section height

I length of straight portion of sting

L length of body. = 8.5D

N Mach number

orc m t reference centre, M0% of man aerodynamic chord
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p free stream static pressure

Pb base pressure

q free stream dynamic pressure. = pV 2

r local body radius

Re Reynolds number based on U

Re? Reynolds number based an ca,

8 total wing area, = 6.928 D2

V free-strem velocity

x distance along body axis

Xmrc distance of arc aft of model nose in body disaeters, 5.943

Xaq distance of neutral point at CL = 0 aft of model nose in body disamters.
= Xmra - (U/D) (dCm/dCL)c a 0

angle of attack

B cone angle of sting

p free strem density
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A REVIEW OF MEASUREMENTS ON AGARD CALIBRATION MODEL B
IN TEE TRANSONIC SPEED RANGE

1. INTRODUCTION

AGARD Calibration Model B is an ogive-cylinder with a delta wing, originally
designed for the calibration of supersonic wind tunnels, but it is often also used
for calibrating transonic wind tunnels.

This report contains a comparison of the results at M~ch numbers between 0.7 and
1.3.

The available data were taken from References 1-11. These data were obtained in
tests in different wind tunnels, at different Reynolds numbers and blockage percentages
for models with and without fixed transition. Table I shows that there are twenty-two
different tests to be com red, including two free-flight tests.

2. APPARATUS

2.1 Test Facilities

In so far as they are known, the most significant data of the test section such as
size, wall shape and open percentage, are shown in Table I. Further details of the
test facilities are given in Reference 1-12 and will not be repeated here.

3.2 Model

AGARD Calibration Model B is a configuration consisting of a wing and body com-
bination. The wing is a delta in the form of an equilateral triangle with a span
four times the body diameter. The body is a cylindrical body of revolution with an
ogive nose. The model is shown in Figure 1 and is more fully described in
Reference 13.

The model sizes of the various tests in relation to the test section sins are
given in Table I.

In a number of tests the transition of the boundary layer was fixed by trip wires
on the body at 1.5 body diameters aft of the nose and on the upper and lower surfaces
of the wing at 131 of the chord. Two tests (A4 and C2) were made with fixed
transition by grit transition stripe. Fixed transition on the body in test A4 was
omitted. The diameter of the trip wires is given in Table I.

The nose of the model used for the tests B1. B2 nd 32 was slightly different from
the prescribed form. The difference, however, was quite small so that no influence
on the measurements is to be expected.

Two tests (Fl and P2) were enuted as half-model tests. A shim was used to keep
the model out of the tunnel-wall boundar7 layer.
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In the two flight tests (HI and H2) the model was equipped with two vertical
stabilization fins.

2.3 Model Support

The ultimate specification of the sting dimensions, given in Reference 13, was
published after the completion of many tests, and a number of different sting con-
figurations were used. The sting dimensions for the various tests are given in
Table I.

3. RESULTS AND DISCUSSION

3. 1 General

On analysing the data, it should be borne in mind that in most cases the AGAD
calibration models were tested when the various wind tunnels had only just been put
into operation and that. since then. modifications and improvements have been made
without the models being re-tested. Moreover. the data were often reported In pre-
liminary form and might not have been checked carefully in all cases. Hence the data
presented are not necessarily the best results that the tunnels are capable of
producing.

In this report the analysis of the data is confined to a Mach number range of 0.7
to 1.3. The Reynolds numbers of the various tests are represented in Figure 2. The
mean aerodynamic chord is taken as the reference length.

Lift. lift-curve slope, moment, neutral point, forebody drag and base drag are
compared. The coefficients are plotted against Mach number in Figures 3-S. Obviously
there is a considerable scatter in these results.

The factors which my, in general, affect the data a.re

(i) instrument errors,

(ii) tunnel-wall interference,

(iii) other imperfections of the tunnel flow.

(iv) sting interference,

(v) imperfections of the model.

(vi) Reynolds number and the method of fixing boundary layer transition.

The available information does not permit evaluation of all these factors. This
holds especially for (i), (iii) and (v). As far as (i) and. to a certain extent.
(iii) are concerned, the available information on accuracy and repeatability is shown
in Table II. It is evident that this information is not mufficient to separate the
influence of the accuracy of the meaurements from the other factors. In general very
little is known about the influence of the factors (i), (ii) and iv) on the
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measurements under consideration. Unless stated otherwise in this report it has been
assumed that the effect of these factors is small enough to Justify an attempt to
correlate the discrepancies with the factors (ii). (iv) and (vi).

The first aim of the procedure followed in the detailed analysis was to try to
take into account the factors (ii), (iv) and (vi) in the form of certain suitable
parameters and thus to select corresponding results. Wherever this procedure
succeeded, so-called 'references curves' were established and the other data were
compared with these curves. On the other hand, in certain cases the reverse pro-
cedure was adopted, namely to select the data which show conformity and to try to
derive conclusions from this fact.

It is well recognized by the authors that the analysis presented in this report is
not complete. In many cases the explanation of the . " ved facts is lacking.
However, it was thought to be worth making the results at this stage available to
those interested in the AGMD calibration model program. The results, even in the
present form, may prove useful for certain purposes. Prom contacts with some
institutes the authors received comments which are also incorporated in the report.

Finally, it may be stated that the aerodynamic forces are in themselves 'integrated'
effects. This makes it difficult to reach detailed conclusions. The analysis would
doubtless have been facilitated if the more direct effects had also been measured by
taking pressure measurements and schlieren pictures, etc. An extension of the cali-
bration program in this direction would be greatly welcomed.

3.2 Lift

For all the tests the lift coefficient was plotted against Mach number for three
different values of angle of attack, 00, 40 and 0. At higher angles of attack
insufficient data are available.

It is to be expected that corresponding results will be found for those tests where
the tunnel wall interference is sufficiently small nd where no considerable scale
effects are present. The effect of a difference in sting configuration may be con-
sidered negligible.

A rough theoretical estimate of the tunnel wall influence on lift for this model
showed that large effects are not likely, in view of the fact that the wing area is
relatively small. Therefore, as a starting point, the data were gathered from the
tests with fixed transition and with natural transition at high Reynolds number.
These tests* are A3, A4, B2, B3. C2, CS, C4, D2 and F2. These tests showed agreement
with the exception of C3, C4 and P2. Figure 9 shows the results for A3, A4, 32, 3,
C2 and 02. together with reference curves which are representative for the group.
Ihis correspondence is taken as the basis for a further analysis.

In Figure 10 a comparison of all data with the reference curves (dotted lines) is
given. It is obvious that the results selected to compo the reference curves show
good agreement with these curves (Figs. 10c, 10d, l0e and 10g). The results of 32 and

*No CL dataare available for D4 and 92.
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B3 approach the reference curves even more closely, if a correction is made for the
effect of asymetry which is shown in the results at zero degrees. Although a trip
was used in test D2, the discrepancies at higher angles of attack may be due to the
low Reynolds number: possibly the trip wire diameter was too smell to be effective.
For the rest it is not thought that at the present stage more can be said about the
differences within this group.

The following table gives the main characteristics from the viewpoint of tunnel
wall interference of the selected results.

Wall
Tet Model Blockage % Tye Open%

AS, A4 1.15 4 perf. 6

32, B3 0.17 4 slotted 11

C2 0.20 4 perf. -

D2 0.50 4 perf. 8

So the foregoing conclusion means that, within the limits presented in the table,
no wall interference effects can be traced. This result, together with a study of
Table I. leads to the assumption that significant wall interference effects need not
be expected either for the test A2 (same wall system as for A3. A4; 0.01% blockage
ratio), BI (sam wall system and blockage ratio as for B2. 3). CS (sae wall system
and blockage ratio as for C2) and D1 (same wall system and blockage ratio an for D2)*.
So it is appropriate to study the results of these with respect to possible scale
effects.

In the results of test A2 (Fig. 10b) there is a remarkable bW apparent between
N = 0.9 and N = 1.0 . A similar effect is shown in B1 (Fig.10d) and, to a less
extent, in C2 (Fig. 10o).

The results of CS are entirely different from the reference curves. These
differences are not thought to be of aerodynamical origin, the more so because for
CS ad C2 the same model was tested in the same wind tunnel with only a different
method of fixing boundary layer transition.

The differences between DI and D2 (Fig. lOg) can only be correlated with the
influence of the trip wire.

As a conclusion for the group A2, B1, CS and D1 It may be said that on the one
hand certain scale effects seem to be present; on the other hand it Is likely that
ao experimental Imperfections exist.

Finally the results of Al, C4, 31, Fl, P2 and 01 have to be considered, being the
tests for which neither tunnel wall interference nor sale effect can be excluded at
first sight.

4 No CL datawe available for C1, D8, 04.
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In view of the fact that the blockage ratio in 2.5% and the Reynolds number fairly
high, it is appropriate to ascribe the discrepancies of test Al (Fig.lOa) to wall
interference. Tunnels designed to provide the least interference over a wide range
of transonic Mach numbers behave somewhat like an open-jet tunnel at Mfch numbers
near one. Therefore the indicated Maeh number should be corrected (decreased) as a
function of model size.

For C4 (Fig.lof) it is assumed, as was done for C3, that the large difference from
the reference curve is of non-aerodynamic origin.

For El (Fig.lOh) the 'official' curves were obtained by taking the mean value of
two tests. The latter of the two was executed with a re-wired balance. The results
of this test alone show a much better agreement with the reference curve.

The data for Pl and P2 (Fig. lOi) are consistently lower than the reference curve.
This result agrees well with the general features of half-model testing, as discussed
in sore detail in Reference 14. It is mentioned in this report that typical values
of the lift curve slope for half-models of some wing-body configurations were around
10% lower than the corresponding values for complete models.

Discrepancies are present in the results of test Gl (Fig. lOJ). The origin of this
may be found in the fact that the test was made in an open-jet tunnel. It is likely
that, at least for the highest Mach number (0.99), a considerable positive correction
is needed.

3.3 Lift-Curve Slope

The lift-curve slope is taken at CL = 0 . The same tests as in Section 3.2 were
used in composing the reference curve, including tests D4 and H2 of which no data
were available for the CL comparison. These results and the reference curve are
shown in Figure 11. The dotted line in this figure represents a curve giving
theoretical values taken from Reference 11. The calculation for the curve of
Reference 11 was derived from Reference 15. The agreement is very good. A ccparison
of all the data with the reference curve (dotted line) is given in Pigure 12.

At first sight it may be considered superfluous to study the lift-curve slope,
since the CL curves for a = 40 , as shown in Pigure 10, already represent the man
value of CL, in the region between 0 and 40. However, in several tests at certain
Mach numbers, there is a change in lift-curve slope in the region of zero angle of
attack, while the overall character of the CL-a curve is not changed. These effects
are evident in tests B1 and 33 at Mach numbers between 0.9 and 1.0 and in C2 at Mach
numbers around 1.0. Typical examples are shown in Figure 13. In several other tests
this tendency of change in lift-curve slope is also apparent, but a smooth line was
drawn in the reference curves, because the discrepancies were considered to be within
the accuracy of the measurements. In Figure 12 the results are shown as they are
given in the original reports.

In Figure 11 the reference curve reflects mainly the overall value of the lift-
curve slope, represented by the dotted lines in Figure 13. This makes it clear that
the reference curve is in fair agreement with the reference curve for lift at

40 (ig.9).
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Apart from the effect Just mentioned, only the following comparisons are made with
regard to lift-curve slope:

Test CS also shows a marked change of CLI in the region of a = 0 . While here

the overall value Is higher than the reference curve, an shown In Figure 10f, the

local value given in Figure 12g is quite near the reference curve.

For C1 (Fig.12g), DS (Fig.12k), and 112 (Fig.12o) no data on lift were available;

only the lift-curve slope was known.

3.4 Moment

It was intended to follow the same procedure as in Section 3.2 to obtain reference

curves. After preliminary observations, however, it appeared that only three of the

selected tests, A4, B2 and B3, show corresponding results up to a Mach nuber of 1.10.

With so few data the reference curves should be handled with great care. However,

for a simple mutual comparison the reference curve. apart from the interpretation

which my be given to it, will be used.

In accordance with the specification of Reference 13. the moment reference centre

is taken at 50% of the mean aerodynamic chord. The data have been plotted against

Mach number for CL = 0 , 0.2 and 0.4 . The reference curves at these lift

coefficients are represented in Figure 14. In Figure 15 the available results are

compared.

Among the many discrepancies which can be seen in Figure 15. the following are

noteworthy:

The tests A2 (Fig.15b), C2 (Fig.15e), D1 (Fig.15g) and, to some extent, B1 (Flg.15d),
C4 (Fig. 1Sf) show a bump In the curves at Mach numbers between 0.9 and 1.0. A
similar bump. but in the opposite direction, is found in the lift curves of tests

A2. BI and C2 (Section 3.2). When a smooth curve is drawn through all the points,

except those in the Mach number range mentioned, It is seen that the bump moans an
increase in lift and a decrease in moment, so that the extra lift mat act down-

stream of the moment reference centre. For C4 the same effect can be demonstrated,

though less clearly, for the lift curve. For DI the effect is present if the
supersonic values of the moment for DI and D2 are brought to the same level.

As was the case for the lift, test Al (Fig.15a) shows a large deviation from the

reference curves. Again this my be due to a tunnel-wall interference effect.

In contrast with what was said in Section 3.2, tests C2 and CS (Fig.15e) give the
same results, though different from the reference curves.

Test C4 (FI. 1Sf) agrees much better with the reference curves than was the case
for the lift.

Tests Dl and D2 (Fig. 15g) differ markedly from the reference curves.

It my be concluded from the results given in Reference 7 (test l) that the
re-wiring of the balance had hardly any effect on the moment. Accordingly the

C. curve (Fig. 1h) is in good agreement with the reference curve.
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Up to a Mach number of 1.05 test P2 (Fig.15i) shown a good agreement. As is
revealed in Reference 8, the data in the range M = 1.0 to M = 1.35 msat be
excluded, as they are affected by shock-wave reflection phenomena.

3.5 Neutral Point

The study of the neutral point is in fact the study of dCm/dCL . In this report
the position of the neutral point is given in body diameters aft of the model nose
and only the position at CL = 0 is studied.

By means of the tests A3, A4, B2. B3 and C2 it was possible to determine the
reference curve. As a check on the latter, a curve giving theoretical values is
available. This curve was taken from Reference 11. in which it was derived from
Reference 15. Both curves and the results of the selected tests are represented in
Figure 16.

The reference curve agrees very closely with the reference curve for the moment
at CL = 0.2 (Fig.14). This agreement supports the moment reference curve, which
was based only on A4, B2 and B3.

Much the same as was the case for the comparison between lift-curve slope and lift.
disagreement between the moment at CL = 0.2 and the neutral point at CL = 0 will
reveal non-linearities in the slope of the C.-CL curves. This is clearly the case
for test B1. For some of the other tests, such as B3, the effect is present but less
marked, or the non-linearity is spread over a wider range of CL .

Figure 17 shows the comparison of all the available data with the reference curve.
Por several of the tests, there is a striking correspondance between the deviations
from the reference curve for the neutral point and the lift-curve slope, namely for
test Al (Pigs.17a and 12a), BI (Fig•.17d and 12d), C2 (Pigs.17e and 12h), PI and P2
(Figs.17J and 12m), and to a less extent A2 (Figs.17b and 12b). B3 (Fign.17d and 12f)
and Cl (Figs.12g and le). If in these tests the value of CL, at a given Mach
number is greater (respectively smaller) than the value of the reference curve, the
value X is also greater (respectively smaller) than the reference curve value.
The resulting change in dC /dCL indicates that the extra (positive or negative)
lift, with regard to the relerence curve lift, is acting downstream of the moment
reference centre. This result is a confirmation of the same conclusion arising from
the lift-moment comparison for a ' 40 and a t- 80 (Section 3.4).

The other tents showed only the following points:

For Cl. D3, D4, 01 and H2, neutral point data exist though no moment data for
CL = 0.2 and 0.4 were available.

D3 and D4 (Fig. 17h) show marked discrepancies.

The agreement for 01 (Fig. 17k) Is very good.

Por 52 (Pig.171) a general agreement with the reference curve exists.

Test C3 (Fig. lie) gives about the name results as C2. which corresponds with the

results of the moment comparison.
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S Forwebody Drag

The forebody drag is obtained by subtracting the drag due to the base from the
total drag. Because the aft end of the body is entirely cylindrical, the forebody
drag may be expected to be independent of the sting configuration. In this paper
the forebody drag is observed only at CL = 0 .

The drag characteristics as a function of Reynolds number permit an interesting
comparison with the skin-friction drag of a flat plate. From pressure measurements
at the N.L.L. on the body of the AGARD Model C, it has been concluded that, up to a
Mach number of 0.8. there is no pressure drag of any significance for the body. It
is expected that the contribution of the wing to the pressure drag is also negligible.
So it can be assumed that the forebody drag at M = 0.8 represents the subsonic
skin-friction drag. A comparison such as is shown in Figure 18 can be made. Here
the CDf values measured for the model have been converted into a skin-friction
coefficient Cf , using one-half of the wetted area of the complete model as a
reference instead of the wing area. For the Reynolds number, a problem arises as to
what reference length should be used in order to compare the wing-body combination
with a simple rectangular flat plate. An average geometric chord for the complete
wing and body combination. cay I was chosen, and it appeared to be 1.5 times the
mean aerodynamic chord. The measured drag points with free transition clearly
exhibit the influence of Reynolds number on the transition from laminar to turbulent
boundary layer. The results with fixed transition agree very well with the dotted
line. The latter represents the calculated skin-friction drag, if it is assumed that
the boundary layer before the transition wire is entirely lamninar and aft of the wire
entirely turbulent*. The general tendency of Figure 18 is that the scatter in the
subsonic values of the forebody drag is for the most part due to Reynolds effect.

In that case it is possible to eliminate the Reynolds effect in the following
analysis by subtracting the forebody drag at M = 0.8 from the drag at the other
Mach numbers. What remains is a comparison of the 'transonic drag rise', the

CDff.

From Figure 19 it is to be seen that the results of several tests can be sub-
divided Into three categories, which show mutually corresponding results. The first
category (Fig. 19a) contains the tests A2, Hi and H2. The model dimensions of test A2
are very small in relation to the test section sizes, so that the test can be con-
sidered to be interference free. Tests Hi and 12 were made in free flightt. The
curve drawn through the measured points of these tests can be assumed to represent
the interference-free transonic drag rise and is therefore taken as the reference
curve.

A number of tests, namely BI, B2 and 33 and C2. 2 and 03 show corresponding
results (Fig. 19b), but the trend of the transonic drag ris is flatter than for the

Of HI only the total drag was knowe; the forebody drag ms aomnted 1 subtracting the base
drag of 82 from the total drag. The pressmre drag of the stabilmntim fin of l1med M
m aesLected. sin the fins are very thin.

t No correction has been made for oomprssibility effects which, at this oek nosber are
negligible.
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reference curve. The two groups B and C have been performed in test sections with
completely different wall systems; only the blockage ratio of the models is about
the same (0. 17% and 0.20% respectively). Tests A3 and A4, related to again another
wall system and having a considerably higher blockage ratio (1.15%), show the same
trend. Two tests, Al and C4, show the same tendency but to a greater extent. Test
Al has been performed with a similar wall system as A3 and A4; test C4 is related
to the same wall system as C1, C2 and CS. The blockage ratio for this category is
2.5% and 1.6% respectively. Generally, it may be said that a higher blockage ratio
gives a flatter trend of the transonic drag rise.

In Figure 20 a comparison of all the available data with the reference curve is
given and the following points are noticeable:

The transonic drag rise of the tests Cl. C2 and C3 (Pig.20e) show a flat part in
the curve at M = 1.04 . This is probably due to a tunnel-wall interference
effect, more of which will be said in Section 3.7.

Prom Pigure 20g it appears that tests Dl and D2 (blockage ratio 0.5%) give results
which agree with the reference curve. Test D3 and 4 (blockage ratio 0.7%) give
differing results (Pig.20h), but agreement in very good if the two curves are
shifted with respect to each other over a Mach number range of 0.03.

The transonic drag rise of test 91 (Pig.20i) does not agree very well, but the
total drag results of repeated runs are identical, while the base drag results are
different. So the base drag results, and therefore the forebody drag results,
must be considered suspect.

In pursuance of the contact with N.R.C., the drag data of tests PI and P2 in the
range U = 1.0 and M = 1.35 ust be excluded, as they are affected by shock
reflections. The blockage ratio of PI and P2 is 0.8%, which is considerably lower
than is the case for tests Al and C4. Up to a Mach number of 1.05, however, the
results (Pig.20J) show the same tendency as the curve in Pigure 19c (high blockage
ratio). This my be due to the fact that there is only one slotted liner, located
on the tunnel side wall directly opposite to the side wall on which the half-model
is mounted.

The transouic drag rise characteristic of test 01 (Pig.20k) does not show an
obvious compressibility effect.

3.7 Bae Drag

In Pigure 8 a survey is given of all the available base drag data for CL = 0
and there is obviously considerable scatter. Apart from wave reflections, the effect
of which will be apparent In a limited region of supersonic Mach numbers, the
Important parameters for the base drag are Reynolds umber and sting geometry. The
effect of Reynolds number can be large, if the transition of the boundary layer
occurs near or in the mixing region downstream of the base. For the tests under con-
sideration it may be expected that the transition already occurs on the body. with
the possible exception of test 03 (see Fig.18). For 0S, however, no base drag data
are available. Since. in the other tests, the boundary layer becomes turbulent at a
certain distance before the base, it my be expected that the influence of the
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Reynolds number is not very pronounced. So, it is logical to compare the results of
those tests which duplicated the sting geometry, as specified in Reference 13, mst
closely. Unfortunately these tests. Al, A2, AS, A4, B1, B2 and 3, do not show
mutual agreement.

It should be noticed here that, apart from the factors mentioned, the tunnel
operating conditions may have a large influence on the base pressure. In transonic
wind tunnels the Mach number distribution can be drastically affected by variation in
tunnel pressure ratio. Thus changes in tunnel pressure ratio can be expected to
affect base drag measurements, especially when the model is large and its base is
situated in the aft part of the test section. No data on this were available.
However, the tests with the largest blockage ratios (Al. AS. A4, C4 and 8l) are the
most suspect.

Furthermore, there exists a reasonable doubt of the results of the following
tests:

C4, because an entirely different sting was used;

El, because the base drag measurements were doubtful, as mentioned in Section 3.6;

PI and P2. because these are for a half-model without sting and because, in the
range M = 1.0 to M = 1.35 , the measurements are affected by shock reflections,
as already mentioned;

G1, because the base drag is considerably lower than in one of the other tests.

From this it is evident that a reliable reference curve cannot be found. Therefore
the results of Figure 8 are represented individually in Figure 21 and only one further
comment remains.

Although the sting geometry is different, agreement was found between the results
of the tests B1, B2 and B3 (Pig.21d) and C1, C2 and C3 (Fig.21e). Furthermore, there
is, for the tests C1, C2 and C3 at M = 1.05 , a point lying completely outside the
curve. This may be due to a shock wave reflection, which hits the base. It does not
seem to be a reflection of the bow wave, but the suggestion Is ventured that a shock
wave comes from the leading edge of the test support and reaches the model after
being reflected by the opposite wall. At M = 1.02 this reflection hits the model
further forward on the wing. This may be an explanation of the flat part In the
transonic drag rise curve and possibly also of the Irregularities at this Mach number
for the data on lift, lift-curve slope, moment, and neutral point.

4. CONCLUSIONS

The paper analyses the results of tests at transonic speeds In various wind
tunnels on the AGARD Calibration Model B. It has been generally found that the
agreement between the results Is worse than the experimenter would expect. On the
other hand the agreement between the results of some of the tests allows the estab-
lishment of reference curves that to a certain extent represent the current results,
and which have been used to facilitate a further comparison. An exception Is made
for the base drag data where no correlation is evident.
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The data points that disagree form curves that are sometimes different in value,
at other times different in trend. Detailed explanation of the discrepancies cannot
be given, but in general the following conclusions can be drawn:

Part of the scatter, and even some of the largest differences, are very probably
caused by imperfections in the measurements.

The scatter seems to be partly due to Reynolds number. Therefore it is desirable
to test at sufficiently high Reynolds number or with fixed transition in order to
obtain results that are suitable for comparison of the qualities of the wind
tunnels.

In general, differences in the subsonic values of the forebody drag coefficient
can be traced as the influence of the Reynolds number or of the methods, if any,
of fixing transition of the boundary layer.

The model does not seem to be very sensitive to tunnel-wall interference. This
conclusion applies especially to the lift interference, because the wing area is
small with respect to the model size.
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General D

Wind Tunnel

Test Ref. Institute Test Section
Nr u

Size Walls Open %

Al I A.E.D.C. Transonic Model Tunnel 1 x 1 ft 2  4 perf." 6

A2 2 A.E.D.C. PWT Trnsonic Circuit 16 X 16 ft 2  4 perf.* 6

A3 3 A.E.D.C. PWT Transonic Circuit 16 x 16 ft 2  4 perf." 6

A4 3 A.E.D.C. PIT Transonic Circuit 16 x 16 ft 2  4 perf." 6

B1 4 Boeing Transonic Wind Tunnel 8 x 12 ft 2  4 slotted 11

B2 4 Boeing Transonic Wind Tunnel 8 x 12 ft 2  4 slotted 11

B3 4 Boeing Transonic Wind Tunnel 8 x 12 ft 2  4 slotted 11

Cl 5 C.A.L. Transonic Wind Tunnel 8 x 8 ft 2  4 perf. -

C2 5 C.A.L. Transonic Wind Tunnel 8 X 8 ft 2  4 perf.

C3 5 C.A.L. Transonic Wind Tunnel 8 x 8 ft 2  4 perf.

C4 5 C.A.L. Transonic Wind Tunnel 8 x 8 ft 2  4 perf. -

D1 6 O.N.LI.A. Soufflerie Courneuve 0.28 x 0.28 *2 4 perf. 8

D2 6 0.N.LR.A. Soufflerie Courneuve 0.28 x 0.28 *2 4 perf. 8

D3 6 O.N.EIL.A. Soufflerie 8 5 Chalais 0.2 x 0.3 .a 2 slotted -

D4 6 0.N.E.LA. Soufflerie a 5 Chalais 0.2 x 0.3 m2 2 slotted

El 7 0.8. U. Transonic Wind Tunnel 12 in. x 12 in. 4 perf. -

Fl 8 N.A.E. High Speed Wind Tunnel 30 in. x 16 In. 1 slottedt 3

6; 8 N.A.E. High Speed Wind Tunnel 30 in. x 16 in. 1 slotted# 3

01 9 A.V.A. Hochgeschwindigkeitknal 0.75 x 0.75 m2 open jet 100

HI 10 N.A.C.A.

H2 11 N.A.C.A.

8 : test section width D body diameter

H : test section height d sting diameter

L : model length I length of straight portion of s

b : wing span 0 cone angle of sting



TABLE I

General Data on Models ad Facilities

Model St ing Reyno Ids

ect ion Number Remarks
_ _/H b/_ Blockage Transition Some d/D 1/D 9/2 Range

Walls Open % % ModeI (x 10 "
6

)

4 perf. 6 1.4 0.65 2.5 Natural 0.488 3.0 5.6 0 1.6-2

4 perf.' 6 0.09 0.04 0.01 Natural J 0.488 3.0 5.6 0 0.7-1.2

4 perf." 6 0.95 0.45 1.15 Natural 0.50 3.08 1.110 8.5-12

4 perf. 6 0.95 0.45 1.15 0.025 in. 0.50 3.08 1.110 8.5-12

slotted 11 0.40 0.13 0.17 Natural 0.483 2.98 2.940 2.9-3.4 Model nose

slotted 11 0.40 0.13 0.17 0.006 in. 0.483 2.98 2.940 2.9-3.4 slightly

slotted 11 0.40 0.13 0.17 0.014 in. J 0.483 2.98 2.940 2.9-3.4 different

4 perf. 0.40 0.19 0.2 Natural 0.50 1.5 - 1.7

4 perf. - 0.40 0.19 0.2 Grit 0.50 1.5 - 1.7

4 perf. 0.40 0.19 0.2 0.015 in. 0.50 1.5 - 1.7

4 perf. 1.06 0.50 1.6 0.015 in. - 4.6 Sting configuration different

4 perf. 8 0.60 0.29 0.5 Natural 0.60 2.2 40 0.92

4 perf. 8 0.60 0.29 0.5 0.07 mm 0.60 2.2 40 0.92

slotted 0.85 0.27 0.7 Natural 0.60 2.2 40 0.33

slotted 0.85 0.27 0.7 0.07 m 0.60 2.2 40 0.33

4 perf. - 0.89 0.42 1.12 Natural 0.40 -5 1.3-1.8

slottedt 3 0.51 0.23 0.6 Natural 1.4-1.6 Half model

slottedt 3 0.51 0.23 0.6 0.020 in. 1.4-1.6 Half model

open jet 100 0.67 0.31 0.6 Natural 0.30 2.7 step 1.7-2.0

Natural 1.0-1.5 Free flight

Natural 5.3-11 Free flight

- no data available

r
* Inclined holes

ight portion of sting

sting 2 t Slotted wall opposite the side wall on which the half-model Is mounted
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TABLE II

Accuracy and Iepeatability of the Msuremts. as Stated in the References

Test IM . ACL "%CO "CDt ACDf "ACDb Remarks

Al *0.002 * 0.100 ±0.0140 ±0.0020 - ±0.0040 ±0.0005 0.70 4 N 4 1.15
Al ±0.006 ± 0.10P ±0.0100 0.0010 - 10.0020 ±0.0002 1.20 4 M 4 1.50
A2 ±0.003 ± 0.300 ±0.0150 0.0050 - *0.0060 ±0.0020 0.70 4 N 4 1.15
A2 ±0.006 ± 0.300 ±0.0100 ±0.0020 - 10.0030*±0.0010 1.20 4 N 4 1.50
A3.A4 ±0.003 ± 0.050 ±0.0040 ±0.0020 - *0.0030 .1.0003 0.70 4 M% . 1.10
A3.A4 *0.006 ± 0.050 ±0.0040 ±0.0020 - t0.0030 *0.0003 1.20 4 N 4 1.60
B1.B2,B3 - - - . . .
C1,C2,C3 - * 0.100 10.0021*10.0008 - .1.0003
C4 - * 0.100 *0.0037 ±0.0006 - 10.0008 -

D1,D2 - -...
D3.D4 - - -
3l - ± 0.010 ±0.0050 ±0.0050 ±0.0010 - *0.0015
Pl.F'2 *o. 020 * 0.020 *0.0050 *0.0007* 0.0020 - ±0.0002

HlH2 . . . . . .

o no data available

Notes, taken fro, the references:

1. The accuracy of the data of tests Al, A2. A3 and A4 has been determined by
combining the errors in the balance read-out system, base pressure end streum
parameters by a method based an a 95S level and a normal error distribution.

2. For CI. C2 and C3 the testing procedure resulted in the repetition of at least
one model attitude during each run, from which a estimate was made of the
repetability.

3. The values for test E1 are based on repeatability.
4. The values of tests FI and n2 are exaples of typical uncertainties.
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Fig. 1 AGMB Model B

Wing profile symmetrical circular anc section. Thickm ratio 0.04

1 [ I I1
Nose profile: length 3 D. lkusution of curve r = I -_! (!I + ! 3]-

Radii of none and wing leading edges should be DI50O.
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PART III

A REVIEW OP MEASUREMENTS ON AGARD CALIBRATION MODEL B
IN THE MACH NUMBER RANGE PROM 1.4 TO 8

J. P. Hartuiker

Natloul Luaht- en 3lntevmartlboratorlm, Awtrd



SUMMARY

This report contains a survey and a comparison of the results from
tests with AGAD Calibration Model B at Mach numbers between 1.4 and 8.
The data include tests from various wind tunnels and in free flight, for
a range of Reynolds numbers between 106 and 98 x 10'. Models with and
without fixed transition of the boundary layer have been considered.

Good agreement between the various neasurements of the lift. the
pitching moment and the neutral point loostion has been found. lith
respct to drag my differences exist, saw of which can be explained.

96



CONTENT$

Page

SUMMARY 96

LIST OF TABLES 98

LIST OF FIGURES 98

NOTATION 99

1. INTRODUCTION 101

2. MODELS 101

3. RANGE OF TESTS li

4. TEST FACILITIES 101

5. RESULTS AND DISCUSSION 102

5.1 Base Drag 102

5.3 Forebody Drag at Zero Lift 104

5.2.1 General 104
5.3.2 Forebody Drag with Natural Transition 145

5.2.3 Forebody Drag with Fixed Transition 107

5.2.4 Couclusions Relating to Forebody Drag 109

5.3 Lift 109

5.4 Pitching Moment lie

5.5 Neutral Point 111

0. CONCLUSIONS i11

REFERENCES 113

TABLES 117

FIGURES 121

97



LIST OF TABLES

Page

Table I General Data on Models and Facilities 117

Table II Boundary Layer Trips 119

Table III Accuracy and Repeatability of Data 120

LIST OF FIGURE$

Pig.1 AGARD Calibration Model B
(Ref. 20) 121

Pig.2&-J The base drag coefficient CDb versus RL
for constant M (a = 0) 122- 125

Pig.3 The base drag coefficient CDb versus
M (RL > 3 x 106) 126

Fig.4a-k The forebody drag coefficient CDf versus
1L (a = 0) 127-131

Fi4.5 The pressure drag of the body alone, as a function
of M 132

Fig.6 The forebody drag coefficient versus M 132

Pis.7 CL versus a , up to high angles of attack 133

Fig.8 Slope of lift curve CIS versus M at CL = 0 134

Pig.9 The moment coefficient versus M , for constant CL 135

Pig. 10 Neutral point location at CL = 0 versus M 126

96



NOTATION

b wing span

a mean aerodynmic chord, = 2.309 D

CDf forebody drag coefficient; drag coefficient corrected for zero base drag

total drag - bass dragcoefficient (p- %~b), =

base drag

' bbas dra g coefficient, =
as

pressure drag
CDB body pressure drag coefficient. 

=

total drag
total drag coefficient, = t d

as

lift coefficient, = lift/(qS)

Cslope of lift curve

CS pitching moment coefficient about a point 1/3 of the maximum wing chord
ahead of the wing trailing edge, = moet/(qO)

d sting diameter

d? wire diameter

D body diameter

I length of cylindrical part of sting

L body length

m Oac number

q free stream dynmic pressure, = lpVt

r local body radius

L  Reynolds umber based on body length, = pVL/IL

Rire Reynolds number based on wire dianeter, = pVd'/

a total wing amea, = 6. 92 D'

V free strem velocity
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I distance along body azis

L ro distance of moment reference centre aft of model nose in body diameters,: 5.943

Xnp distance of neutral point (at zero lift) aft of model nose in body dimeters

a angle of attack

p free stream density

kinematic viscosity

windshield angle
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A REVIEW OF MEASUREMENTS ON AGARD CALIBRATION MOBEL B
IN TE RACU NUMBER RANGE PROM 1.4 to 8

1. INTRODUCTION

In this report measurements with AGARD Calibration Model B from various test
facilities and in free flight have been summarized. The available data of drag. lift,
pitching moment and neutral point location have been compared critically.

The Mach number range considered is from M = 1.4 up to N = 8 . The tests with
AGMD Model B below M = 1.4 have been reviewed in Part II of this AGAUDograph.

2. MODELS

AGARD Calibration Model B is an ogive-cylinder with a delta wing in the form of an
equilateral triangle. The details of the model have been given in Reference 20; a
sketch is presented in Figure 1.

A large number of model sizes has been used; the model lengths for the various
tests can be found in Table I.

In Reference 20 it is recommended that a ratio of sting diameter to body diameter
of 0.5 be used, in connection with a sting length of three body diameters. However.
many tests were concluded before this AGARD specification was published and con-
sequently a number of different sting dimensions have been used (see Table I).

The surface roughness of the model has only been specified for five series of tests
(Table I). To induce transition it is recommended in Reference 20 that trip wires of
various diameters be used on wings and body. the Reynolds number based on wire
diameter varying from 500 to 10,000. In the tests reviewed here many different ways
of fixing boundary layer transition have been used; a survey is given in Table II.

For free-flight tests, the models were fitted with vertical fins for lateral
stabilization (half-scale exposed wins) and for one test a flow angle indicator was
mounted on the nose.

3. RANGE OF TESTS

The tests reviewed here have been made in a Mach number range from 1.4 to S.

Reynolds nunbers based on body length covered the range from 106 to 98 x 106.

The angle of incidence varied for the tests between -110 and +210 (Table I).

4. TEST FACILITIES

The results have been obtained partly from wind tunnel tests and partly from free-
flight measurements.
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Table I gives a survey of the test facilities used, of which a description is, in
general, available in the references.

5. RESULTS AND DISCUSSION

5. 1 Base Drag

The pressure on the base of a sting-supported body is, in general, a function of

Mach number, Reynolds number, state of the boundary layer and mixing region, angle of

attack, ratio of sting diameter to body diameter, sting length and windshield angle.

In the specification20 of AGARD Model B, the following sting dimensions are
recommended: d/D = 0.5 and L/D = 3.0 , d being the sting diameter, I the sting

length up to the windshield and D the body diameter.

However, many tests were made with different sting dimensions, partly because in
an earlier specification a smaller minimum sting length was specified (L/D = 1.5)

The ratio L/D varies in the tests reviewed here from 1.5 to 9.5, the ratio d/D
from 0.296 to 0.6 (see Table I).

Several investigators have considered the problem of sting-length interference 7 " .

In all cases a critical sting length was found, which means that a sting length below
this critical value will influence the base pressure. The critical sting length
varies with Mach number and Reynolds number. Schueler 7 found, from measurements with
an AGMJD Model B. the following values for the critical sting length (for d/D = 0.296,
windshield angle 200 and with turbulent boundary layer approaching the model base):

M (L/D)crit RL

2 2.2 4.6 < RL x 10 - 6 < 13

2 1.9 2.3 < P, x 10-6 < 7

4 2.2 < (I/D)orit < 3.7 2.3 < RL x 10-" < 5.7

It my be concluded therefore that. in the measurements with a sting length ratio
of l/D = 2 (a value that borders on the critical), there will probably be sting-
length interference, and that with L/D = 1.5 the base pressure has certainly been
influenced by the sting length.

The available base drag data at uero angle of attack have been plotted in
Pigures 2a-2J as a function of RL . for constant Mach number. Open symbols are used
for the data with natural transition. he closed symbols stand for fixed transition
and half-closed symbols give values of COb which are the same for natural and for
fixed transition. Solid lines have been drun through those messurements with
natural trasition where d/D = 0.5 and sting lengths are certainly larger than
critical (1/D 4-3) .

Dashed lines have been drawn for the data with d/D 0 0. 296 and I/D , 3 . main
with natural transition.
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From Figure 2 the following conclusions can be drawn for the case of natural
transition:

For each Mach number CDb is constant for R, > 3 x 106 (d/D = 0.5). For small
Reynolds number the base drag decreases gradually with decreasing alThs Is
caused by the fact that the mixing region behind the model becomes, Eoan
increasing extent, laminar as R decreases.

The data for d/D = 0.5 and L/D >. 3 correlate well; the discrepancies can, for
the greater part, be explained by the accuracies quoted (0.0002 < I AcDbl < 0.0013).

The base drag coefficient, from Reference 1, where the ratios d/D = 0.5 and
L/D = 2.0 were used, correlate well with the data for longer sting length, at
Mach numbers M = 2.0. 2.5 and 3.0 (Pigs.2d-2f). At M = 4.0 (Fig.2g), however,
the drag coefficients are about 15% higher than the data found with longer sting.
This could be due to sting length interference. As mentioned before, Schueler7

found In this range of Reynolds numbers critical sting length ratios (l/D)crit
between 2.2 and 3.7. He also found that when, at M = 4 . the sting length is
shortened below its critical value the base drag first increases, while with
further decrease in I/D the base drag decreases rapidly. The data from
Reference 3, however, where the same sting dimensions, I/D = 2.0 and d/D = 0.5
were used, give values of the base drag coefficient at M = 4.0 that compare very
well with those where a longer sting was used (Pig. 2g).

The base drag data from the Boeing wind tunnel at high Reynolds numbers 1 give
lower values for CDb at M = 1.5 and 2.0 if compared with other measurements.
This again may be due to sting length interference (I/D = 1.5) . Notwithstanding
this low ratio, no effect Is found at N = 2.5 and 3.0 (Figs.2e and 2f).

The base pressure measurements on a half-model' s give values of CDb that are
from 20 up to 40% lower than the base drag of a complete model (Figs.2a, 2b and
2d).

The free-flight measurements 1 1 give 5 to 10% lower values of CDb than those
measured In the wind tunnel (Figs. 2s, 2b and 2c). However, no direct comparison
with the other data can be made because the two vertical fins were placed Just in
front of the base, and, of course, there is no sting present.

The measurements from 0. N. I. R.A. 16 give rather low values of CDb at
2 x 106 < R < 3 x 106 (Figs.2a and 2e). This Is In agreement with the trend
that CDb decreases when L becomes lees than 3 x 106 . However, no direct
comparison can be made with the data for d/D = 0.5 (solid lines), as in these
tests a ratio d/D = 0.6 was used. and moreover the sting length Is not known.

Except for the measurements at M = 3.0 (ig.2f), the tendency is that CDb
decreases with decreasing d/D (Pip.2d, 2e and 2g). This is in agreement with
results from sting-diameter interference tests as reported In References 23 and 24.

The tests with fixed transition (closed symbols) show the tendency that the base
drag is decreased when the boundary layer Is artificially tripped. This is In
agreement with the theory of Crocco and Lees 1 , which predicts that the base
pressure Is increased with increasing ratio of boundary layer thickness to body
diameter.
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Finally, the base drag coefficients for d/D = 0.5 and L/D > 3 for R, > 3 x 106
(solid lines from Figs.2a-2j) have been plotted in Figure 3 versus Mach number.

For comparison, the semi-empirical prediction for the base pressure by Love
3
3 has

been plotted in the sme figure. There appears to be good agreement, especially at

high Mach numbers.

5.2 Forebody Drag at. Zero Lift

5.2.1 General

In this report the drag of the body-wing combination corrected for zero-base drag

has been termed forebody drag. Strictly speaking, this is not correct, but it

appears to be a current expression which is conveniently short 1 .

The forebody drag is determined by subtracting the base drag from the measured

total drag. Due to the inaccuracies of their measured values no high accuracy in the

forebody drag coefficient CDf can be expected. Values of inaccuracies as high as
ACDf = ± 0.003 are quoted (see Table III).

The forebody drag consists of pressure drag, friction drag and (when relatively

large roughnesses are applied to trip the boundary layer) 'roughness' drag. CDf is

a function of Mach number. Reynolds number, angle of attack, roughness size and the
transition point of the boundary layer on body and wings. The transition point, in
its turn, is determined by such factors as free stream turbulence, model-surface
finish and ratio of wall temperature to free stream temperature.

To be able to correlate the forebody drag coefficients measured in different wind

tunnels, It is necessary to know the position of the transition point on body and
wings. However, no data on the location of transition are available in the various
reports, except in References 7 and 19, where transition points on the body were
obtained. This means that a fairly wide scatter in the values for CDf can be

expected, but the measured drag coefficients should lie between the values for fully
turbulent and for fully lainar boundary layer, as long as the relative size of the
boundary layer trip is not too large.

The forebody drag coefficients, CDf at zero angle of attack, have been plotted in

Figures 4a-4h, as a function of RL , for constant Mach number.

Open symbols are used for the data with natural transition, the closed symbols

denoting fixed transition.

Further, the following dashed lines have been drawn in Figure 4:

The pressure drag of the body alone. This drag has been obtained from pressure

measurements on the body at Mach numbers from 1.6 to 2.4 (Ref.16) and at M = 8
(Ref.8). For Mach numbers M = 3, 4 and 5 the pressure drag of the body has been

interpolated (see Fig.5). For comprison a theoretical estimate is given in the
sam figure, which has been derived from the generalized curves of Reference 27,
which were obtained by the application of similarity laws to the results of exact
linearized solutions for pointed forebodies. This theoretical estimate is
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appreciably lower than the experimental results. Purther work is needed to examine
this discrepancy.

The pressure drag of body and wings. The wing drag is determined from the theory
of Reference 26.

The forebody drag of the wing-body combination with a fully laminar boundary layer.
The friction drag has been determined as the drag of an equivalent flat plate
with

wetted model surfacechord -
2(b - D) + D

This method was used also for the comparison of the measurements with AGARD Model B
in the transonic speed rang 29 . It appeared that only very small differences
exist between the results obtained with this method and those obtained with a
method where wing and body are considered separately. Skin-friction drag
coefficients for compressible flow with zero heat transfer have been used,
following Reference 27.

The forebody drag of the wing-body combination with a fully turbulent boundary
layer. The friction drag was determined as the drag of an equivalent flat plate.
in the sae way as for the laminar boundary layer.

It should be stressed here that the estimated curves for the forebody drag
coefficient, as determined in this way, give only the trend of variation with Reynolds
number, the actual values not being very accurate.

5.2.2 Forebody Drag with Natural Transition

Solid lines have been drawn in Pigures 4d-4k through those points where the
Reynolds number was varied sufficiently during the tests to give a drag-Reynolds
number curve for the model-tunnel combination considered.

Pigure 4f Is an example (N = 2.5) . Two solid lines have been drawn in this
figure. giving the variation of CDf with k for two series of tests, made with
different models and In different wind tunnels at A.L.D.C.1 , 1 9.  It is clear from the
figure that the two combinations have different transition Reynolds numbers, which is
also shown in Reference 19.

It can be concluded that, in order to be able to correlate the data of the fore-
body drag coefficient from various wind tunnels, It Is necessary to know the
transition location In the boundary layer. However. as already mentioned, no such
data are provided in the various sources, except in References 7 and 19.

In the Mach number range considered here, most of the values of CDf lie some-
where between the estimated laminar-dras curve and a line that is somewhat lower than
the turbulent-drag curve. This could be explained, of course, by the fact that the
boundary layer is always partly laminar.



106

No explanation can be given here for the rather low value for CDf at M = 1.6

and L = 4 x 106 (Pig.4c, &of.14), nor for the low value of CDf at K = 2.5 and

RL = 2.6 x 10? (Pig.4f, Ref.14); this last value is even lower than the estimated
pressure drag of the model.

It appeared, however, that the model used for the tests in the Boeing wind tunnel
has a nose profile that does not conform to the AGARD specification (see Table I,
Ref.14). Because of this error the drag data of Reference 14 (Pigs.2b, 2d, 2e and 2f)
must be considered doubtful.

The available data on forebody drag at M = 4 are presented in Pigure 4h. Nearly
all the data are from tests in Tunnels E-1 and A at A.E.D.C. Two solid lines have
been drawn in the figure, one for the tests in Tunnel A, as reported in Reference 19.
the other for the tests in Tunnel E-1 (Ref.3). It appears that, in the Reynolds
number range between 1.5 x 106 and 5 x 106. there is a difference between the two
series of tests of approximately 15% in the forebody drag coefficient.

Other data from Tunnel 3-1 (Ref.1) give values of CDf for three Reynolds numbers
(see Pig.4h). The measurements in this case were performed with the same model as
in Reference 3. It is interesting to note that only the value of CDf at
RL = 5 x 106 agrees with the measurements of Reference 3. while the other measured
forebody drag coefficients are on the same level as the data"' from Tunnel A.

In general, however, it appears that the repeat tests3 at M = 4 with the sae
model and in the same Tunnel C-1 gave higher values than the drag results presented
in Reference 1.

Although repeat tests were not made at M = 5 . the forebody drag coefficients
also appear to be consistently high (Pig.4i, Ref.3).

Between the tests of References 1 and 3 some changes to the tunnel were made;
a heater was installed, together with a mixing chamber with baffles and screens.
Moreover the settling-chamber temperature level was changed from between -400 and
600 P to between 170 and 220°P.

This change in the tunnel and in the test conditions could well account for the
discrepancies noted. According to unpublished AMC data the installation of the
mixing chamber resulted in a reduction of the transition Reynolds number from
3.5 x 106 to 3 x 106 for a 50 half-angle cone at M = 4.5 and a settling-chamber
temperature of 1000?.

Another factor that could cause the higher drag results in the fact that during
the repeat tests the body surface roughness was somewhat hiher .

Of particular interest in correlating the forebody drag results is the correlation
obtained with models of near identical scale which were tested in the sam facility
at identical test conditions. An AMC model (L = 16.63 in.) was loaned to the Jet
Propulsion Laboratory for their test program which also included tests of a JPL
model (L = 17.03 in.).
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It appears, from Figures 4c and 4e-4i (Ref. 12), that the drag levels obtained with
the AM)C model are consistently high and that they correspond closely with the values
obtained when transition was fixed on the JPL model.

The same AUC 16.63 in. model was tested6 in the AN)C 40 in. supersonic Tunnel A.

Comparison of these results with those" on a 49.3 in. model in the same Tunnel A

shows again that the data obtained on the 16.62 in. model are consistently high

(see Pip. 4g-4i).

Examination of the model details reveals that in the first place the ratios of

radius (diameter D) of the nose and leading edge of the wings are largest for the

16.63 in. model; secondly, the local profile thickness of the wings forward of the

maximum thickness is larger for the 16.63 in. model than for the 17.03 in. model and,

Llrdly. of all three models considered the average surface roughness is largest for

the 16.63 in. model (5A in. compared with 4 and 3A in. for the other models).

It is possible that these differences in model details are responsible for the

high drag levels measured on the AMC 16.63 in. model.

The free-flight tests1 ' were made with a model equipped with two vertical fins for

stabilization. with a pressure probe and a flow angle indicator mounted on the nose.

he dimensions of the fins are half those of the wings. The forebody drag of a model
without probes and fins will be somewhat lower than the values plotted in Figures

4a-4d. This mans that, for the body-wing combination only, a value for the forebody
drag coefficient is found which is approximately equal to the estimated value with a
completely laminar boundary layer. This could have been caused by the stabilizing
effect on the boundary layer due to the thermal lag of a model in free flight".

5.2.3 Forebody Drag with Fixed Transition

The boundary layer trips that are used n the present tests can be divided into
three classes; wires, carborundu and strips. A survey of the trips used in the
various tests is given in Table II.

(a) Wires

It is recomended in the AGMR specification 20 that tests be done with wires of

various diameters. These diameters are defined by the values 500, 1000, 2000, 5000
and 10,000 of the Reynolds number based on wire diameter (RwIre) .

The increase in drag due to the use of a wire is caused in the first place by the
forward movement of the transition point and, with larger wire diameters, also by the

drag of the wire itself. However, as long as the actual location of transition is
not known, nothing can be said about the increase in drag that may be expected. An

illustration of the effect of wire size on drag is given by the half-model tests
reported in Reference 15 at N = 1.6 (Fig. 4c). Here the Reynolds number based on
wire diameter varied between Rwire = 3000 and Rwire = 7600 . The ratio of wire

diameter to local profile thickness at the wing root varied from 0.08 to 0.20. With
increasing wire sioe the drag coefficient becomes larger, the largest wire diameter
giving a CDf somewhat higher than the estimated value with fully turbulent boundary

layer.
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Prom the figures it may be concluded, in general, that all measurements with
transition induced by wires (1500 < Rwire < 9000) give data for CM that lie
somewhere within the expected range. between the value of CDf without wires and the
value for a completely turbulent boundary layer.

(b) Carborundum

The use of carborundum as a boundary layer trip results in an increased drag, in
the first place due to the forward movement of the transition point and in the second
place (when relatively large particles are used) due to the roughness drag. Therefore
the drag could be dependent on such parameters as Reynolds number based on particle
diameter, the form and the place of the carborundum strip, the distribution of
particles and the ratio of particle size to a characteristic model dimension. No
attempt has been made to compare the various tests with carborundum, as no systematic
measurements are available.

The influence of carborundum as a boundary layer trip on the forebody drag is
illustrated by the tests of Reference 13, where different roughness sizes were used
(see Pig.4c at M 1.6 and Fig.4f at M = 2.5 ).

At U = 2.5 the measured value for CDf with natural transition is near the
estimated laminar value. Pour tests were made with carborundum on the body only and
with grit numbers varying from 120 to 24. (The grit number denotes the approximate
number of meshes per inch of the sieves used to select the different sized particles).
With increasing roughness, CDf increases from 110 to 130% of its value without a
boundary layer trip. Other tests were performed with carborundum also on the wings
in a band 0.15 in. wide, 2 in. from the leading edge, the carborundum on the body being
being kept the same.

Here the forebody drag varies with increasing roughness from 115% to as much as
150% of the CDf value with no roughness added on the wings.

It is evident from Pigure 4f that this rapid rise in forebody drag coefficient
cannot be caused by the foreward movement of the transition point on the wing only,
but that the roughness drag plays an important part. This must be due to the large
particle sizes compared with wing dimensions. Indeed, at the lowest grit number, the
particles that are pasted on the upper and lower surface of the wings are of the same
dimensions as the local profile thickness at the wing root.

The other tests that have been done with carborundum as a boundary layer trip'
give consistently higher values for CDf than the estimated value for the model with
a completely turbulent boundary layer (Pigs.4d-4f). Here again, the size of the
applied roughness on both surfaces of the wings is of the same order as the local
wing thickness at the root. Therefore it is reasonable to assume that the high drag
found in this case is also due to the large amount of roughness drag.

The tests of Reference 5 at U = 1.4 and 1.5 show a slightly smaller forebody
drag with fixed transition than in the case where no artificial transition was used.
In these tests a band of carborundum was used on the wings only (see also Table II).

The change of the wing drag is caused in the first place by the foreward movement
of the transition point, but in the second place by the change in displacement
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thickness of the boundary layer, resulting in a different pressure distribution over
the wing. Young 2 has shown that, in certain circumstances, a decrease in drag of a
biconvex profile may be observed, which is due to this change in effective displace-
sent of the surface. It is possible that the decrease in drag found in the tests
mentioned is caused by such a phenomenon.

(c) Strips

In one series of tests i ° a transition strip. 3/16 in. wide and 2/100 n. high, was
used on body and wings. The strips on the wings were placed 1/4 in. behind the
leading edge (wing root chord 2 in.).

The drag coefficients found here are up to 30% higher than the estimated values
with fully turbulent boundary layer (see Figs.4c, 4e and 4f). This again my be due
to the rather large thickness of the transition strip copared with the wing
dimensions. In this case the thickness of the strip is 57% of the local thickness
of the wing at the root.

5.2.4 Conclusions Relating to Forebody Drag

The following conclusions can be drawn:

There exists a large scatter in the various measurements of the forebody drag
coefficient. This scatter appears to be due to such factors as Reynolds number
effects, model imperfections and differences in wind tunnel installations and test
conditions. The ranges of measured Cof have been plotted versus M in Figure 6.

It is difficult to compare the available data on forebody drag. In the first
place because, in many of the tests, the Reynolds number was not varied systemati-
cally. Becondly, because there is, in general, no information about the actual
position of the transition point and thirdly, because of the relatively large
boundary layer trips that have been used in many cases.

It is desirable to know the transition point location in all cases.

When artificial roughness is used to induce transition, the size of the roughness
should not be mch larger than the minima roughness dimension necessary to fix
transition at the desired position.

5.3 Lift

The lift of AGAD Model B has been determined over a wide range of Reynolds numbers.
The lift could be dependent on Reynolds number, because of the effect of this par-
eter on the separation of the boundary layer. However. no effect of Reynolds number

variation on the lift coefficient could be traced.

Further, the lift coefficient apears to be a linear function of the angle of
attack, up to about 80. At higher angles there is a slight deviation from the
straight line relationship. The relatively few measurements that are available in
this range of angles of attack are compared in Figure 7. The agreemnt between the
various measureients appears to be good.
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In Figure 8 the slope of lift curve CL, at zero angle of attack has been plotted
versus Mach number. The agreement between the numerous measurements is good, with
the following exceptions:

CLC at M = 1.5 , as measured in the transonic wind tunnels at A.E.D.C. (Refs.2
and 4), appears to be about 6% higher than the other data. Examination of the
basic plot of CL versus a from which these slopes were taken indicated that the
curves are slightly non-linear near the origin, the local slope being approximately
5% lower than the mean slope. The higher slopes are reproduced in Figure 8. The

reason for this non-linearity is not known, but it may be significant that these
two sets of data were obtained with the sae model and balance.

The half-model measureents1 s give values of CLL at M = 1.46 and 1.57 that are
about 5% lower. For this series of tests CL was too low for the whole
transonic range, as compared with other measurements 2 9 .

The free-flight measurements' 1 give data for CLa that are 5% under the average
value. The same was found in Reference 29 at M = 1.3

5.4 Pitching oment

The available data on pitching-moment coefficient C. have been plotted in
Figure 9 as a function of Mach number for constant lift coefficient.

The centre of moments has been taken (as specified in Ref.20) at a point 1.155 D
ahead of the trailing edge of the wing. This means that the data from References 2.
4, 5, 13 and 15, where a different reference point was chosen, have been converted.
Undoubtedly this has had som unfavourable influence on the accuracy of these data.

Further, it has been found that in a number of cases the moment is not zero for
zero lift. These measurements (Refs.2, 4, 5, 10 and 14) have been corrected by a
parallel shift of the C. curve in such a way that CO = 0 at zero lift.

No data from the free-flight tests of Reference 11 have been included, as the Cm
data could not be read accurately enough in that report. Due to the scatter in the
data of the moment coefficient with fixed transition in References 13 and 15, no data
from these reports have been included.

The following conclusions can be drawn from Figure 9:

With the exception of References 10 and 15, the scatter of data with natural
transition lies within the maximum quoted inaccuracy of the measurements
(ACO = t 0.005) . In view of this the agreement in moment coefficient appears

to be good for the various measurements; no effect of Reynolds nuber can be

traced.

Except for N = 1.6 , the data of Reference 10 give consistently too high values
of the moment coefficient. The cause of this discrepancy is not clear. No
explanation can be given either for the behaviour of C* as a function of N for
the half-model tests of Reference 15.
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With regard to artificial transition, the following points may be noted:

No influence on moment coefficient is found when wires are used to trip the

boundary layer12 .

Depending on Mach number, angle of attack and particle size, the data with

carborundum on body and wings1 give values of C. that are up to 10% higher

than the moment coefficient found without the use of artificial transition.

No influence of carborundum on the wings only has been found 5 .

In the tests of Reference 10 a rather large strip (compared with model

dimensions, see Table II) has been used to trip the boundary layer. Compared

with the data without artificial transition, differences up to 20% In moment

coefficient have been measured in this case. It seems fair to attribute this
large difference to the relatively large size of the trip used.

5.5 Neutral Point

For zero lift, the distance of the neutral point, in body diameters aft of the

model nose, has been plotted in Figure 10 as a function of Mach number.

The position of the neutral point is determined by

Xnp Xmrc \dCLL o d)
~ =X* 1 ~ 1,0 ()

It appears from Figure 10 that there exists a fair agreement in the results for

the neutral point, the position of which appears to be independent of Reynolds number.

This could be expected, as this parameter could only be significant in the case of

separation of the boundary layer, that is at higher angles of attack. For the sam
reason, no effect of the fixing of the transition point of the boundary layer has
been found.

6. CONCLUSIONS

Tests with AGMN) Calibration Model B in various wind tunnels and in free flight

have been critically compared In the Mach number range from 1.4 to 8. Many dis-
crepancies between the results of these tests can be explained.

The following conclusions can be drawn:

There exists a wide scatter in the measured values of the total drag of the model
at zero lift. The total drag has been divided Into two parts, the forebody drag
and the base drag.

Most of the discrepancies in the bas drag coefficient would be explained by
the Influence of the parameters that affect the base pressure, such as Mach

number, Reynolds number, and ratios of sting diameter and of sting length to

body diameter.

The forebody drag coefficient is a function of bach number, Reynolds number and
the transition point of the boundary layer.
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The transition point is determined by such factors as Reynolds number, free-stream
turbulence, model surface finish and ratio of wall temperature to free-stream
temperature. Nearly all values of measured forebody drag coefficient with natural

transition lie between the estimated values for fully laminar and fully turbulent
boundary layer; however, no better correlation could be found as nothing is known
about the actual transition point of the boundary layer on the models in the
different wind tunnels or in free flight.

In general the forebody-drag coefficient of the models with transition fixed by

wires (1500 < 1wire < 9000) lies somewhere in the expected range, i.e. between
the measured value of the drag of the model without wires and the estimated value
for a fully turbulent boundary layer.

Transition induced by carborundum on body and wings results, in several cases, in
rather high values of the forebody drag coefficient. This might be attributed to
the relatively large particles that were used.

Good agreement has been found In the results of the measurements of lift, pitching
moment and neutral point position of the model.

With regard to the model specification 20 the following points may be noted:

(a) The radii of the nose and wing leading edges have been given in Reference 20
as D/500. Obviously, this radius cannot be constant all along the wing
leading edge. For most of the tests reviewed here it is not known how the
models were made in this respect. As the leading edge radii may be the cause
of some differences in the measurements (see Section 5.2.2) it is recommended
for future investigations that the wing leading edges are made in the same way
as in References 8 and 19, where the theoretical root chord was made with the
specified radius of D/500 but the remainder of the wing had leading edge radii
of a constant percentage of the local chord.

(b) Sting support dimensions of d/D = 0. 5 and L/D = 3 were recommended in the
specifications 20 , but it was not noted that these criteria should apply only
to the case of turbulent flow approaching the base. Future investigations at
low Reynolds numbers and at high Mach numbers, where long runs of laminar flow
are encountered, will require a re-examination of these criteria (see Ref.7).
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aemeral Data

Model

Ref. Symbol Facility L Surface
(in.) I/D d/D roughness

(n in.)

1 0 A.E.D.C. supersonic tunnel 9-1 12 In. x 12 in. 11.474 2.0 0.5 2 to 10

2 A A.K.D.C. transonic tunnel 12 in. x 12 in. 16.63 3.0 0.488 -

3 V A.E.D.C. supersonic tunnel 9-1 12 in. x 12 in. 11.474 2.0 0.5 2 to 9
4 0 A.E.D.C. transonic tunnel 16 ft x 16 ft 16.63 3.0 0.488
5 0 A.E.D.C. transonic tunnel 16 ft x 16 ft 183.60 3.08 0.5
6 A A.E.D.C. supersonic tunnel A 40 in. x 40 in. 16.626 9.46 0.5
7 N A.E.D.C. supersonic tunnel E-1 12 In. x 12 in. 11.474 various 0.296

8 Nj A.E.D.C. hypersonic tunnel 50 in. diameter 49.300 2.0 0.5
9 V7 Free flight 10.625 - -

10 C> Langley supersonic tunnel 9 In. x 9 in. 6.8 2.0/ 0.5/
3.0 0.375

11 4 Free flight 59.50 - -

12 br J.P.L. supersonic tunnel 20 in. 17.027/ 3.06 0.5 3(rm)
16.63

13 6 N.A.A. supersonic tunnel 16 in. x 16 in. 10.625 > 4.3 0.4
14 a Boeing supersonic tunnel 4 ft x 4 ft 38.751 1.5 0.5

15 - N.A.g. tunnel 30 ft x 16 ft 15.3 - 6-8(r8)
16 La Courneuve tunnel 6.7 0.6

17 a Vernon tunnel 13.4 -

1 s A.B.A. supersonic tunnel 17.0 - 0.5
19 D A.E.D.C. supersonic tunnel A 40 in. x 40 In. 49.312 3.0 0.5 4-15(rm)

30 A.I.D.C. hypersonic tunnel 16 In. disater -

32 a A.g.D.C. supersonic tunnel A 40 in. x 40 in. 49.3 3.0/ 0.5

and A.3.D.C. hypersonic tunnel B 2.0
50 in. disaster
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TABLE I

General Data on Models and Pocilities

Model

Surface Boundary M RL x 10- 6  Ref earks
d/D roughness , layer (degrees)

(gs in.) trip

0.5 2 to 10 carborundum 1.70-2.01-2.47-3.02-4.02 2.6 to 22.0-3.1 to 18.7 -4.5 to +8 1
3.8 to 16.2-3 to 13.0

3.1 to 7.6

0.488 - 1.40-1.50 7.2-6.9 -2 to +10 2
0.5 2 to 9 3.98-4.98 1.6 to 4.3-1.1 to 2.5 -4 to +8 3
0.488 - 1.50 3.7 -4 to +10 4

0.5 - carborundum 1.40-1.50-1.60 29.4-28.7-28.0 -4 to +9 5
0.5 - - 1.5-2.0-3.0-4.0-5.1 8 - 6
0.296 - - 2.0-3.0-4.0 varies from 1.1 to 13.2 0 7 l/D varied from 1.21

to 5.19
0.5 - - 8 varies from 0.8 to 11.0 -5 to +15 8

- - - 1.4 to 1.74 7.1 to 11.7 0 9 vertical fins. total
drag only for base
pressure tests

0.5/ - strip 1.62-1.94-2.41 3.0 -6 to +6 10 I/D = 3.6 and
0.375 d/b = 0. 375

- - - 1.4 to 1.74 9.6 to 16.0 -2 to +3 11 vertical fins
0.5 3(rn) wires 1.65-2.01-2.47-3.01-

3.98-5.00 varies from 4.3 to 8.5 -11 to +21 12 2 models
(JPL and AU3C)

1 0.4 carborundum 1.56-1.88-2.47-3.24 4.0-3.6-2.8-2.0 -2.4 to +2.1 13

0.5 1.5-2.0-2.5-3.0-3.5 24.7-24.9-27.9-31.9-37.9 -4 to 6.2 14 nose profile different.
curve is circle with
radius 9.2740

- 6-8(m) wires 1.46-1.57-1.78-2.03 5.8-5.7-5.1-4.6 -2 to +14 15 half model
0.6 - wire 1.44-1.61-1.80-2.04 3.3-3.2-3.0-2.8-2.3 - '16

-2.47

- - - 2.14-3.20-4.26 7.5 - 17
0.5 - - 1.4-1.7-2.0-2.5-3.0 4.5-5.2-5.1-4.5-3.3 -5 to +20 18
0.5 4-15(rm) - 2.5-3-4-5-6 3.4 to 17-2.9 to 19- -4 to +10 19

1.9 to 22-1.8 to 26-
4 to 15.5

15.0 to 16.0 0.2 30 not Included as the
tests were of a very
preliminary nature

0.5 5 and 8 12 and 22-6.5 and 11 -4 to +8 32

at N= 5
-5 to +15

at N= 8

-2
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TABLE III

Accuracy md Repeatability of Data

Ref. AM Aa AC L ACDt ACDf ACDb ACa AX np

1 t 0.04 t 0.020 t 0.0029 t 0.0004 t 0.,0006 t 0.0002 ± 0.0029 ± 0.005
2 ± 0.006 ± 0.1 0  ± 0.010 - ± 0.002 ± 0.0002 ± 0.003 -
3 ± 0.01 ± 0.010 ± 0.0014 ± 0.0002 ± 0.0008 ± 0.0005 ± 0.0016 ± 0.05
4 ± 0.004 ± 0.30 ± 0.010 - ± 0.003 t 0.001 ± 0.003 -

5 ± 0.010 ± 0.050 ± 0.004 - ± 0.003 _'.0003 ± 0.002 -

6 ± 0.030 ± 0.060 ± 0.0005 t 0.0008 ± 0.0005 1 0.0013 : 0.0005 ± 0.05
'7 ± 0.001 - - - A Pb/p 10.05 - -

8 * 0.02 - - -
9 * 0.005 * 0.30 - ± 0.001 - - -

10 ± 0.001 ± 0.010 ± 0.0004 * 0.001 - 1 0.002 ± 0. 0004
11 - ±0.40 - - - - -
12 - - " 0.0030 * 0.0022 - - 0.0030
15 * 0.03 ± 0.020 ± 0.005 ± 0.002 - * 0.0002 * 0.005
19 ± 0.10 *0.004 - *0.002 - 0.004
32 ± 0.08 - * 0.0020 t 0.0027 - - 0.00171

Remarks

The values for AM represent the flow uniformity in the test section for wind
tunnel measurements (Refs.1, 2, 3, 4. 5. 6. 7, 8. 15 and 32).

For the free-flight tests (Refs.9 and 10) the uncertainty in the measurement
of M in given.

In this table only the maximum quoted inaccuracies are presented.

Refs.13 and 12 : in terms of data repeatability, the uncertainty of the
data being determined from a frequency distribution of the
scatter in all the repeat data.

Ref.2 errors in balance read-out system, base pressure and
stream parameters have been combined, based on a 95%
confidence level and a normal error distribution.

Ref. 10 estimated errors combined by a method based on the theory
of least squares.

Refs.6, 16 and 19 : maximum uncertainties of the computed parameters.
Refs.4, 5. 9 and 15 : method unknown.
Refs.13, 14. 16,

17 and 18 : no data available.
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Fig. 1 AM Calibrat ion Model 5
(Ref . 20)

Wing profile symmetrical circular are section. Thickness ratio =0.04

Nose profile length 3D. Equation of curve: r = ! ,.A - , ! + 4

Radii of nose and wing leading edges should be D/500.
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PART IV

A REVIEW OF MEASUREMENTS ON AGARD CALIBRATION MODEL C

IN THE TRANSONIC SPEED RANGE

by

H. Valk

Nationsal Lucht- on Ruintevaartlaborstoriu.. Austerdi



SUMMART

This report contains a survey and a comparison of the results from
tests with AGAM Calibration Model C at Mach numbers between 0.7 and
1.3. The available data include tests in different wind tumels. at

different Reynolds numbers and blockage percentages, on models with and
without fixed transition of the boundary layer.

The correspondence between the results of the various tests is not
very satisfactory. There are many differences and the pitching moment.
especially, shows large discrepancies in value and in trend. Some
indications are given of the probable origins of the discrepancies.
More tests seem to be desirable to achieve better agrement.
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NOTATION

Ab body base area, = (7/4)D2

b wing span, = 4D

bf horizontal tail span, = 1.63D

B teat section width

a mean aerodynamic chord, = 2.309D

Cay average geometric chord of wing-body-tail combination,

wetted area of wing-body-tail combination= := 1.25 5
2(b - D) + 77 D + 2b I + 2h

CDb base drag coefficient, = - (Ab/S)Cpb

forebody drag

CDf forebody drag coefficient. = - CDt - CDb

/ACDf transonic drag rise coefficient, = CDf " (CDf)M 0.8

total drag
CDt total drag coefficient, 

=
QS

skin-friction drag
Cf skin friction drag coefficient. = halfrwettedra

q x hair wetted area

CL lift coefficient. = lift/(qS)

CL. lift curve slope, = dCL/da (per degree)

Cm pitching moment coefficient about 505 of mean aerodynamic chord (mrc),
= uoment/(qS)

Cpb base pressure coefficient relative to free stream static pressure,

= (Pb" p )Q

d sting diameter

D body diameter

h height of vertical tail, = 0.92D

H test section height

length of cylindrical portion of sting
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ZH  distance between the points at 50% of the mean aerodynamic chords of wing

and horizontal tail, = 2.204 5

L length of model, = 11.494 D

M Mach number

rc moment reference centre, 50% of mean aerodynamic chord of wing

p free stream static pressure

Pb base pressure

q free stream dynamic pressure, = pV 2

r local body radius

Re Reynolds number based on U

Re' Reynolds number based on Car

S total wing area, = 6.928 D2

V free stream velocity

I distance along body axis

Xmrc  distance of moment reference centre aft of model nose in body diameters,

= 5.943

Xnv distance of neutral point at CL = 0 aft of model nose in body diameters,

= Xmr c - (a/D)(dCm/dCL)CL.o

aangle of attack

6 cone angle of sting

p free stream density
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A REVIEW OF MEASUREMENTS ON AGARD CALIBRATION MOBIL C
IN TUE TRANSONIC SPEED RANGE

1. INTRODUCTION

AGARD Calibration Model C has been designed primarily for testing and calibration
in the transonic speed range. It is identical to AGARD Calibration Model B, except
that the body is extended aft over 1.5 body diameters and vertical and horizontal
tail surfaces have been added. The addition of a horizontal tail may make it easier
to detect reflected shock waves from anomalies in the pitching moment curves.

This report contains a comparison of the results of tests at Mach numbers between
0.7 and 1.3. The available data were taken from References 1 -8. The data were
obtained from tests in several wind tunnels, as shown in Table I.

2. APPARATUS

2.1 Test Facilities

The most significant details of the test sections, such as size, wall shape and
open percentage, are shown in Table I. Further details of the test facilities are
given in References 1 -9 and will not be repeated here.

2.2 Models

The AGARD Calibration Model C is shown in Figure 1 (see also Ref.10). The model
sizes for the various tests in relation to the test section sizes are given in
Table I.

In some tests the transition of the boundary layer was fixed by wires or
carborundum strips at 1.5 body diameters aft of the model nose and on both sides of
the wing, the horizontal tall and the vertical tail at 15% of the local chord. A
survey of the transition methods used is given in Table II.

The model configuration for some tests deviated from the prescribed form given in
Reference 10. The deviations are listed in Table III.

2. Model S rts

The ultimate specification of the sting dimensions, given in Reference 10. was
published after the completion of many tests, and a number of different sting con-
figurations was used. The sting dimensions for the various tests are given in
Table I.
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3. RESULTS AND DISCUSSION

3. 1 General

In this report the analysis of the data is confined to a Mach number range of
0.7 to 1.3. This range covers the greater part of the available measurements*. The
Reynolds numbers of the various tests are shown in Figure 2 and in Table I.

Base drug, forebody drag, pitching moment, neutral point, lift and lift-curve
slope are compared. The coefficients have been plotted against Mach number.

The available data are gathered in Figures 3-8. Since the number of tests
performed in the transonic wind tunnel of the N.L.R. (Ref.8) clearly exceeds the

number ^f tests performed in the other wind tunnels, for each component the results
of Reference 8 and the other references are presented in two separate figures, in
order to obtain a better overall picture. With the exception of Figure 4, reference
curves in both figures facilitate comparisont.

Obviously, there is considerable scatter in the results.

The factors which, in general, affect the data come under the following headings:

(i) instrument errors,

(ii) model imperfections,

(iii) general imperfections of the tunnel flow (tunnel wall interference and sting
interference excepted),

(iv) tunnel-wall interference,

(v) sting interference,

(vi) Reynolds number and methods of fixing boundary layer transition.

Very little is known about the first three factors. The available information
about accuracy and repeatability of the measurements is shown in Table IV. Model
imperfections are not known, with the exception of the deviations given in Table III.
Unless stated otherwise, in this report an attempt will be made to explain the
differences caused by the last three factors.

The procedure followed in Reference 11 (the analysis report on AQARD Model B in
the transonic speed range) was to try to take into account the foregoing factors in
the form of suitable parameters and thus to select corresponding results. Where this
procedure succeeded, so-called 'reference curves' were established and the other data

SOnly a few tests were performed at higher Mach numbers (in Reference 1 up to 1.4;
in Reference 2 up to 1.6).

f The choice of the reference curves will be explained in the following sections.



147

were compared with these curves. For AGRD Model C, however, this procedure failed,
because of the poor agreement between the various test results for this model.

Since Models B and C were tested in several wind tunnels under the same conditions,
some of the results for both models could be compared. In view of the correspondence
between the two models it may be expected that the lift and drag forces will be of
the same order. The moment for AGARD Model C is strongly influenced by the flow
conditions around the horizontal tail and will therefore differ significantly from
the moment obtained for AGARD Model B.

Since the results of Reference 8 (tests K14-15) all come from one wind tunnel
(NLR transonic wind tunnel HST) it was possible to explain some of the effects In
these results. More information can be expected from this source when N.L.R. have
completed a more extensive analysis, which is still in hand.

In view of these circumstances this report should, in the first place, be con-
sidered as a collection of the available results. The discussions should be regarded
as tentative only, with the object of detecting the more obvious effects. Much
remains unexplained that nevertheless deserves explanation.

3.2 Base Drag

In Figure 3 a survey is given of all the available base drag data for CL = 0
In general the important parameters for the base drag are:

Reynolds number and methods, if any, of fixing boundary layer transition,

sting configuration*,

imperfections, if any. in the tunnel flow downstream of the base

shock waves and shock wave reflections.

The effect of Reynolds number may be large if the transition occurs in the mixing
region or just upstream of it. For the tests under consideration it may be expected
that transition already occurs on the body. Furthermore. the base drag is generally
slightly influenced by the thickness of the boundary layer. A small Reynolds number
influence is shown In Figure 9a. where the results of tests on the same model, but at
different Reynolds numbers, are compared (tests K1. K2. K3 and 14). With transition
fixed no marked differences are apparent (Fig.9b. tests K5, K6, K7 and KS).

The effect of the length of the cylindrical portion of the sting is demonstrated
in Figure 10, where the corresponding tests 17 and K15 for the same model, but with
different sting configurations, are compared. The effect of a shorter cylindrical
portion of the sting (1.5 instead of 3D). shown in this figure, does not seem large.
The influence of the sting configuration disappears at supersonic Mach numbers.

* The sting is defined here as that part of the model support which i specified in the
AIRD specification' °.
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In some tests the sting did not have the specified diameter, but it did not seem
possible to draw positive conclusions about the effect of sting diameter.

Test section calibration tests 12 at A.E.D.C. have shown that flow irregularities
in the aft part of the test section, in particular due to the model support. may
affect the base pressure, even if the base is located at a position where the flow in
the empty test section (no model support system installed) is undisturbed. In this
case disturbances are propagated upstream through the (subsonic) wake. It is obvious
that the position of the base in the test section in such cases may be an important
parameter.

Care should be given to a possible correlation between model size and position of
the base in the test section. Such a correlation my lead to an (indirect) influence
of model size on base pressure. This seems to be the main explanation of the
differences in Figure 11 (tests K7, K12, K13 and K14), with the exception, however,
of the Mach number range between 1.0 and 1.1. Por these tests the boundary layer
transition was fixed and - except for test K14 - the same sting configuration was
used. In the subsonic and in the supersonic region above M = 1. 1 the more down-
stream position of the base (larger model) resulted in a lower base drag (higher base
pressure). The largest model (test K14) was placed in an unusually rearward position.
This explanation has been confirmed in a recent test at N.L.R. (results unpublished),
where test K7 was repeated with a more upstream position of the model, in such a way
that the model base coincided with the position of the model base in test K12. The
base drag results of this test and test K12 show better agreement (outside the region
1.0 < M < 1.1) .

The last factor which remains to be discussed Is the interaction between shock
waves and reflected shock waves and the mixing region. This type of influence is
held responsible for the irregularities in the curves for the K-tests of Figure 11
in the ifach number range between 1.0 and 1.1, though a detailed explanation of the
phenomena is lacking. In general, shock waves my falsify the results in three ways:

shocks belonging to the model (e.g. bow wave, leading-edge shock) may reflect
at the tunnel walls and hit the rear of the body.

the position of shocks belonging to the model (e.g. tail shock system, body shock)
may be influenced by the vicinity of the tunnel walls,

the bow wave of the model support my interfere with the model base.

Clarification of these effects demands schlieren photographs and measurements with
very small intervals between the successive Mach numbers.

In view of this discussion, it may be expected that, of the NA results, the
results obtained with the smallest model are the mat reliable. The results of the
tests K9GndKl2 (blockage ratio 0.016%) are therefore used for the reference curve
in Figure 3, which is represented by the dotted line. It is Interesting to see in
Figure 12 the agreent between the base drag results of test A2 (blockage ratio
0.01%) and the tests K9 and K12.
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In Figure 13 the available results of the tests, with the exception of the NLR
results already presented, are given. No further comment about these results is
available at present.

3. 3 Forebody Drag

The forebody drag is obtained by subtracting the drag due to the base from the
total drag. In this report the forebody drag is observed only at CL = 0 ; the
results are presented in Figure 4.

Because the aft end of the body is entirely cylindrical, and because the drag
arising from interference between the base and the tail surfaces can be considered
negligible, the forebody drag may be expected, to a large extent, to be independent of
the phenomena downstream of the model.

The forebody drag consists of pressure drag and friction drag. As in Reference 11,
it is assumed that at a Mach number of 0.8 the forebody drag is almost completely
caused by friction forces. The friction drag coefficient is dependent on the
Reynolds number and is only slightly influenced by the Mach number in this Mach number
range. To separate, to a certain extent, the Reynolds number effect from other
effects, the drag at U = 0.8 was subtracted from the forebody drag. The remaining
drag was termed the transonic drag rise.

To obtain some idea of the value of the friction drag, a comparison was made
between the friction drag and the drag of a flat plate at a Mach number of 0.8. For
this purpose the friction coefficient Cf has been converted to a flat-plate value
by using half of the total wetted area of the model as a reference surface instead
of the wing area. The problem arose as to what reference length to use for the
Reynolds number in order to compare the wing-tail-body combination with a simple
rectangular flat plate. An average geometric chord for the complete wing-tail-body
combination cay was chosen. The choice of about 1.25 U is somewhat arbitrary, but
Is acceptable as a basis for comparison.

In Figure 14 the skin friction values are plotted against Reynolds number. Since
the influence of compressibility on the skin friction is small at subsonic Mach
numbers, no correction is made for this effect. A tendency of Reynolds number
influence on the results obtained with natural transition is not clearly detectable.
The 'transition fixed' results are lower than, and run nearly parallel to, the
turbulent value of the flat plate friction drag. The somewhat high value for test

K12 is due to a relatively thick wire. The relatively low value for test K5 is due
to the transition wires being not fully effective at the low Reynolds number at which
the model was tested.

The transonic drag rise results are presented together in Figure 15 and more
individually In Figure 16.

The reference curve for the K-tests (dotted line) in Figure 15 represents the
results of the tests with a small model, which Is assumed to be interference free,
(blockage ratio 0.016%), namely test K9 (natural transition) and 12 (fixed
transition).
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The results of the tests K1O and K13 (Figs. 16i and 16J) - the 'transition natural'
and 'transition fixed' results for a model also having a relatively small blockage
ratio (0.05%) - agree fairly well with this reference curve.

The transonic drag rise results of the tests K1-K4 (natural transition) in
Figure 16g and K5-K8 (fixed transition) in Figure 16h - all tests performed with the
same model (blockage ratio 0.16%) but at different Reynolds numbers - show good
agreement. Reynolds number and artificial transition have no marked influence on the
behaviour of the transonic drag rise. The transonic drag rise of this model is
somewhat higher than the transonic drag rise of the reference curve. No explanation
for this phenomenon can be offered.

Test Kll (natural transition, blockage ratio 0.32%) in Figure 161 shows good
agreement with the tests K1-K8; however, the 'transition fixed' results for the maie
model (test K14) In Figure 16J show a lower transonic drag rise, but the cause of this
is not known.

The sting configuration was expected to have no marked effect, which is confirmed
by the comparison of the tests K7 and K15 in Figure 16k.

At several establishments the AGARD Models B and C were tested under the same
conditions, which makes it interesting to see how the data for both models correspond.

In Figure 16a. test A2 (blockage ratio 0.01%) shows a smaller transonic drag rise
than the corresponding test on AGARD Model B. The transonic drag rise for this
relatively small model agrees fairly well with the reference curve of the K-tests.

The transonic drag rise curves for the tests Al and A3 in Figure 16a (blockage
ratio 2.5% and 1.15%), BI in Figure 16b (blockage ratio 0.17%) and to % smaller
extent 31 In Figure 16e (blockage ratio 1.12%) are similar to the curves for the
corresponding tests on AGAD Model B up to a Mach number of about 1.05. The maximum
in the transonic drag rise for these tests is somewhat higher than was obtained for

AGARD Model B. This type of agreement does not exist for the tests Dl and D2 in
Figure 16c (blockage ratio 0.5%) and D3 and D4 In Figure ld (blockage ratio 0.7%).
The results of test A3 are in good agreement with the results of the tests K1-K8.

For Model B it was found that a higher blockage ratio tends to give a flatter
transonic drag rise. For the Model C It does not yet seem possible to draw any con-
clusions about the effect of blockage ratio, nor about other effects on the transonic
drag rise.

. 4 Pitchimg Momemt

3.4.1 General

For all tests the moment coefficient was plotted against Mach number for three
values of CL (0, 0.2 and 0.4). At higher lift insufficient data are available.

Figure 5 shows the available moment data. There Is a considerable scatter.
appreciably greater than the scatter in the moment results for AGM Model B.
Obviously a substantial part of the scatter Is due to the horizontal tail.
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The study of the pitching moment proved to be the most difficult part of the task
in analysing the Model C results. It was felt that this was, in particular, due to
the fact that the principal factors mentioned in Section 3.1 do not have a direct
influence on the pitching moment, but work through the intermediary of certain other
factors. Of those other factors the base pressure and the donwash appear to be
important. With these factors, the effects of Reynolds number, fixation of
transition, sting configuration, flow Irregularities end model imperfections are
interrelated. Only the effect of shock wave interaction has been considered directly.
Therefore this section has been subdivided as follows:

Effect of base pressure (excluding effects due to shock wave interaction).

Effect of downwash distribution of the wing.

Effect of shock wave Interaction.

Concluding remarks.

The relation between this new classification and the more fundamental one of
Section 3.1 is provided by the following scheme. This scheme (though, with the data
available, it could not be confirmed in every respect) serves as a basis for the
discussion of the pitching-moment data.

(i) Imperfection of tunnel flow in the aft part of the test section (as mentioned
in Section 3.2).
Influence through: base pressure.

(ii) Sting interference.

Influence through: base pressure.

(iii) Reynolds number or methods of fixing boundary layer transition.
Influence through:

base pressure
downwash distribution
pressure distribution on wing and horizontal tail.

(iv) Tunnel wall interference, in particular shock wave interaction.

(v) Model imperfections, In particular wing nose radius.
Influence through: downwash distribution.

Tunnel wall interference, apart from shock wave interaction, could not be traced.
A rough estimate showed that lift Interference on the moment must be extremely small,
because of the relatively small wing area. and blockage effects on the moment are not
to be expected.

As far as the Reynolds number effect on the moment, through the pressure distri-
bution of wing and horizontal tail, is concerned, it is very likely that there Is an
effect, also in view of the AGAM Model B results1 1 . However, it did not seem
possible to separate this effect from other Reynolds number effects, so this point
is not considered in the following discussions.
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3.4.2 Influence of Base Pressure
(Excluding Effects Due to Shock Wave Interaction)

Figure 5 shows that the moment for CL = 0 is not zero, but has a definite value.
This is because the horizontal tail is located in the expansion region of the base*.
The effect of the expansion is a relative decrease of the pressure at the lower side
of the horizontal tail, which results in a positive moment. A low base pressure Is
associated with a strong expansion and causes a high positive moment and a high base
drag. Consequently there is a relationship between the results for the moment and
for the base drag. A significant example of this effect will be found in the co-
parison between Figure 18 (Cm at CL = 0) and Figure 11 (CDb) with regard to
tests K7, K12, K13 and K14. To be excluded from this comparison is the Mach number
region between 1.0 and 1.1 (for the largest model (test K14) also U = 1.15) ,
because in this region shock wave interactions may overshadow the base pressure
effect, as pointed out In more detail in Section 3.4.4. For the other data points
the correspondnce between C. at CL = 0 and CDb is marked. A rough estimate
of the relation to be expected between differences in moment and base drag confirm
that the experimental differences are of about the right order of magnitude.

The other available comparisons between C. at CL = 0 and CDb are given in
the table below.

Other
Test Cm at CL = 0 CDb Factors Comment

Al, 2, 3 Fig. 20a Fig. 13a Reynolds number, fixing less
of transition convincing

1, 2. 3. 4 Fig. 19a Fig.ga natural ow
transit ion agreement

(not for 14)

K5, 6, 7, 8 Fig. 19b Fig.9b not
conclusive
(differences
negligible)

K7, 15 Fig. 17 Fig.10 effect of sting agreement for
bow wave N < 1.0
(see below)

K9, 10, 11 Fig.20f Fig.13d natural reasonable
transition agreement

It may be concluded that the assumed relationship between C. and Cb exists.
Therefore the conclusions of Section 3.2 about base drag are relevant here.

TWe ooatribution of the drag of the tall surfaces to the momat may be neglected.
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Sting configurat ion*

An example of sting interference is given in Figure 17. For the tests K7 and K15
the same model with trip wires was used. but for test K15 the model was supported by
a sting with a shorter cylindrical portion (1.5 instead of 3 body diameters). The
moment for test K15 is lower than for !7. The base drag results for both models
(Fig.1O) show a similar difference at subsonic Mach numbers, but at supersonic Mach
numbers there was no difference. At these Mach numbers, shock wave interference
between the horizontal tail and the mixing region has been established by schlieren
pictures (unpublished). Possibly the sting configuration affects this interference
and thus causes a difference in moment.

Flow irregularities in the aft part of the test sections

In Section 3.2 it was mentioned that flow irregularities in the aft part of the
test section, in particular due to the model support, affect the base pressure even
if the base is located in the 'undisturbed' flow region. The position of the base
is then an important parameter.

This effect is illustrated in the tests K7, K12. K13 and K14 (Fig. 18), as already
discussed in Section 3.2 and at the beginning of this section. It is interesting to

note that the repetition of K7 (already mentioned in Section 3.2) with a more up-
stream position of the model gave results (unpublished) which correspond very
satisfactorily with the results of test K12.

Reynolds number and fixing of transition

To establish the Reynolds number effect, the sam model was tested at different
stagnation pressures in the transonic wind tunnel of the N.L.R. (Fig.19a: tests Ki.
K2. K3 and K4). These tests were repeated with fixed transition of the boundary
layer (Fig. 19b: tests K5. K6. K7 and K8). It appears from the figures that the
data obtained with natural transition show marked differences, while the data
obtained with fixed transition agree much better. In the supersonic region the
differences in the results of both series of tests are of the same order.

The effect of the Reynolds number on the moment was partly due to the base
pressure. The differences in the subsonic region of the base drag for the tests K1.
K2 and K3 In Figure 9a are In proportion to the differences of the moment for these
tests at CL = 0 in Figure 19st. The rather low value of the moment In test KS In
Figure 19b is possibly due to the fact that the transition wire was not fully
effective at the low Reynolds number at which the test was performed.

3.4.3 Influence of Domwash Distribution

The moment at higher lift coefficients can be subdivided into a contribution from
the wing and from the horizontal tail. Subtracting from the measured values the

* The sting is here defined as that part of the model spport which Is specified in the

MAIAD specifiction 0 .

t However, test K4 does not agree with this temdema.
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contribution of the wing, which can be estimated from Reference 11, and the contri-
bution of the horizontal tail for CL 0 . there remains only the increment of the
moment due to the incidence of the horizontal tail. From a simple calculation it
appears that there must be an appreciable downwash near the tail, which is only a
little smaller than the angle of attack of the model. This phenomenon was confirmed
during recent tests (results unpublished) at the N.L.R., where the boundary layer
flow was visualized. At low angles of attack, up to about 2°30, the streamlines on
the upper wing and tail surfaces were in the same direction as the free stream. At
an angle of attack of about 40 a change occurred in the flow pattern on the wing.
A vortex, caused by leading-edge separation, swept the boundary layer from the inner
part of the wing towards the leading edge. At higher angles of attack the vortex
moved more inside. The boundary layer flow pattern on the horizontal tail, however,
did not change, even at the highest angles of attack in the test (up to 120). Thus
the effective incidence of the horizontal tail did not exceed about 2-30. This
magnitude of downwash is in agreement with the results of other tests on delta wings,
as mentioned in Reference 13.

The downwash is caused mainly by the vortex which leaves the wing at the trailing
edge. The lateral distance between the vortex core and the tail is relatively small,
especially at high incidences, when the vortex moves more inboard. It is obvious
that small variations in the spanwise location of the vortex will produce a consider-
able change in downwash at the tail and consequently a difference in pitching moment.
The importance of the influence of variations in downwash near the tail can be under-
stood from the fact that a difference in effective incidence of + 0. 10 will produce
a difference in moment of about AC = -0.002 .

From Reference 14 it is known that the leading-edge nose radius is an important
parameter for the spanwiee position of the vortex. An increase of the nose radius is
equivalent to a more outboard position of the vortex. Consequently the downwash near
the tail decreases, which causes a lower moment.

In Section 3.4.2 a certain agreement was found between the Reynolds number effect
on the base drag and on the moment at CL = 0 in Figures 9a and 19a. At angle of
attack this agreement is no longer apparent. It is assumed that the effect of
Reynolds number at angle of attack also occurs by virtue of the downwaah distribution.

3.4.4 Influence of Shock Wave Interactions

Reflected shock waves my have large effects on the pitching moment, if they are
acting on or upstream of the horizontal tail. In this case they influence the
pressure distribution over the horizontal tail, which leads to an increase or
decrease of the moment. On the other hand the position of shock waves belonging to
the model (especially the body) may be influenced by the vicinity of the walls. It
is very difficult to trace these effects from the moment results, beause the effects
of the factors mentioned in Sections 3.4.2 and 3.4.3 already result in an Irregular
moment curve. Moreover, the intervals between the Mach nubers at which the models
are tested are not usually sufficiently small.

If the reflection of the bow wave has passed the model, no effects of shock wave
reflection need be expected. For each test the Mach number at which the reflected
bow wave has passed the model has been roughly determined. The results are given in
the table on the next pae.
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Test Mach Number Test Mach number

Al 3 J1 1.40
A2 1.01 J2 1.02
A3 2 KI-K8. K12 1.15
BI 1.10 K9, K12 1.02
D1, D2 1.35 KIO. K13 1.05
D3, D4 1.75 K11, K14 1.30
El 1.90

Up to the Mach number quoted, the influence of shock wave reflections my be
expected. At very low supersonic Mach numbers the influence can generally be
neglected.

At a further stage of the testing of this model it might be as well to study the
detailed behaviour of the shock waves around the model, on the one hand by taking
measurements at very small intervals of Mach number, and on the other hand by taking
schlieren pictures and pressure measurements.

3.4.5 Concluding Remarks

Resuming general discussion of the pitching-moment results, it can be said that
the AGARD Model C is very sensitive in so far as the moment is concerned, the
influence both of the base pressure and of the downwash of the wing. Consequently
the model is very sensitive to those factors that influence the base pressure and
the downwash of the wing. which have already been mentioned in Section 3.4.1. In a
certain Mach number range - depending on model size - shock wave position and shock
wave reflection my have a large influence.

The model, however, is not very sensitive to lift and blockage interference.

With the present model, testing can only be considered to be of value If:

the Reynolds number is sufficiently high or the transition of the boundary
layer is fixed.

the sie sting configuration is used (in accordance with the specification
In Reference 10).

Another conclusion which can be drawn is that, of the tests 11415. the test 112
should give the most reliable pitching moent results, this test having been executed
on a smll model with fixed boundary layer transition. The results of test K12 were
therefore used for the establishment of the reference curve in Figure 5.

Figure 20 presents separately the pitching-moment results of all the tests, with
the exception of the MA results already presented in earlier figures. Further
explanations cannot be given, but a few general remarks are offered.

Figure 20a gives the curves of tests Al, A2 and A3. The models used for these
tests had a tall configuration which deviated as described In Table 111. This



156

elongated the distance between the horizontal tail and the moment reference centre by
about 2%. This should correspond with about 2% increase of the Ca-value at = 0.
Moreover, the position of the tail with respect to the base has been changed. Th
effect of this on the moment is unknown, but It can be assumed that the rearward shift
of the tail brings a larger part of the horizontal tail into the expansion region of
the base. In this case there will be a further increase in moment. According to
A.E.D.C. (unpublished information) the data of test A2 are not considered to be
highly accurate. The model was subjected to 'flow angle oscillations' ". A.L D.C.
considered the model for test Al too large for reliable lift and moment, the blockage
ratio being 2.5% (unpublished information).

Figure 20c presents the results of tests DI and D2. According to Reference 5, the
horizontal tail span is smaller than was prescribed (see Table III). The contribution
of the horizontal tail to the moment should therefore be about 20% too small.

The differences in Figure 20f (tests K9-11) are due to a superposition of the
effects mentioned in Sections 3.4.2, 3.4.3 and 3.4.4.

3.5 Neutral Point

For CL = 0 the distance of the neutral point, in body diameters aft of the model
nose, has been plotted in Figure 6.

The position of the neutral point is defined by

X =Xmrc( CL )

so there is a linear relation between the neutral point and dCm/dCL at zero lift.
Since the general agreement for the lift data is such better than for the moment data
(compare Sections 3.4 and 3.6), differences between the various results for the
neutral point must be attributed in the first place to differences In the moment
results.

In Figure 21 the results of tests K1-KI5 are presented in four groups. Figures 21a
and 21b show the results of tests on the same model, but at varying Reynolds numbers.
with natural and fixed transition of the boundary layer respectively. Figures 21c
and 21d refer to tests on four models of different sizes, also at varying Reynolds
numbers and with natural and fixed transition. It appears that the results for fixed
transition show fair agreement, independent of the model size and the Reynolds
number. In Figure 21d there are marked differences only between the Mach numbers
1.0 and 1.1, which are apparently correlated with the large differences in base drag
in that region (Fig. 11). Tests with a different sting configuration - K14 in
Figure 21d a nd15 in Figure 21b - also show the same agreement. Thus Reynolds
number (including the fixing of boundary layer transition) has the min effect on the
neutral point, which means that, around zero angle of attack, the effect of the other
factors on the moment does not generally change with angle of attack.

In Figures 21s and 21c a tendency to a downstream shift of the neutral point with
decreasing Reynolds number is apparent. In Section 3.4 It has been mentioned that
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the effect of the Reynolds number can be seen as an influence on the base pressure,
on the downwash distribution, and - possibly - on the pressure distribution over the
wing and the horizontal tail. Variations in base pressure appeared to be of minor
importance for the neutral point (comre Figs.21d and 11). The effect of the
pressure distribution is not known, but it is not thought that this will explain the
differences between the neutral point data. The variation of downwash with angle of
attack in directly related to the position of the neutral point, so it can be assumed
that the effect of Reynolds number can mostly be traced as the effect of the downwash.
Furthermore, the results of the tests K4 and K11 with a relatively high Reynolds
number (above 2 x 106) agree fairly well with the transition fixed results.

As for the moment results, the results of test K12 are taken as the reference
curve for the tests KI-KI5. The curve agrees rather well with the 'transition fixed'
results of the tests KI-KIS. The reference curve is shown in Figure 6 as a dotted
line.

Figure 23 presents the neutral point data of all the tests, with the exception of
the N.L.IR. data already presented. Figure 22 compares those that are in fair
agreement with each other. This refers to tests with fixed transition (D2 and D4) or
tests with a Reynolds number greater than 2 x 106 (81 and JI). These results com
close to the reference curve for the N.L.R. tests. No coment can be made on the
other results.

3.6 Lift

For all the tests the lift coefficient was plotted against Mach number in Figure 7
for three different values of angle of attack, 00, 40 and 80. At higher angles of
attack not enough data are available.

The scatter in Figure 7a is of the same order as the scatter in the tests11 on
AGARD Model B.

The reference curves for the NLR tests were established by taking the mew
value of tests KI-K15 and are shown in Figure 7 as dotted lines.

The negative lift at zero angle of attack is caused by the lift contribution of
the horizontal tail. The horizontal tail contributions to the lift and to the moment
are related by AC = IN/ACL , where 1,/5 = 2.204 . So the large differences in
moment should be seen, to a small extent, In the lift results, which mans that the
agreement for the lift on wing alone is better than for total lift.

In Figure 24 the results of Figure 7 are given individually. A comparison with
the results of corresponding tests1 1 on AGAMD Model B shows that there is a fair
agreement between the results for both models in the tests Al, A2 and A3 (Pig.24a).
BI (Pig.24b) and El (Fig.24d).

As for AGARD Model B, large effects of tunnel-wall interference on lift for this
model are not likely, because the wing area is relatively small. An exception should
be made for test Al, the blockage ratio for this test being extreme (2.5%). Tunnels
designed to provide the least interference over a wide range of transonic Mach numbers
behave somewhat like open Jet tunnels at Mach numbers near one. Therefore the
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indicated Mach number should be corrected (decreased) as a function of model size*.

3.7 Lift-Curve Slope

The lift-curve slope is taken at CL = 0 . The results of all the tests are
presented in Figure 8 and are shown individually in Figure 25.

From Reference 8 it appeared that the results of the NLR tests obtained with
natural transition of the boundary layer (Ki. K2, K3 and K4 in Pig.25g and K9. K10
and KI I in Pig.251) show, near M = 1 . the same irregularity in lift-curve slope
in the region of zero angle of attack as appeared in several tests on AGAHD Model B.
A definite trend with Reynolds number is apparent: compare KI and K9 (Re =0.6 x 106)
with K2 and K10 (Re=x 106) . with K3 (Re =1.8 x106) and with K4 and Kl
(Re = 1.5 x 106) . The CL-a curves for fixed transitic. :.. e more the character of
a straight line. although a short change in lift-curve slope is apparent. The dotted
line in Figure 8 represents the mean value of the 'transition fixed' results of the
tests K1-415.

Several other tests also show this irregularity in the CL-a curves, but in most
cases in the references a smooth line was drawn through the measured points because
the discrepancies were considered to be within the accuracy of the measurements.

On the results available, it does not seem possible to give a further explanation

of the singularities mentioned.

4. CONCLUSIONS

The present analysis gives a presentation of the results of tests on AGARD
Calibration Model C in various wind tunnels. It Is apparent that the correspondence
between the results of the various tests is much worse than would normally be
expected - or hoped for. In particular, the comparison of the moment shows great
differences in values and in trends.

Detailed explanations of the differences could not be given; consequently the
analysis had to be confined to the presentation of the results with som tentative
conclusions, arising mainly from the tests K-1415.

Base Drag

(i) The base drag is only slightly affected by the Reynolds number.

(ii) The effect of the sting configuration is small, but:

(iii) Flow irregularities, if any, in the aft part of the test section my have
a large influence.

(iv) The influence of shock wave interaction is Important in a certain Mach
number range.

* Takes from correspomdeaoe with A.g.D.C.
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Forebody Drag

(1) Differences in the subsonic values of the forebody drag are, in general, due
to the effect of the Reynolds number or of the methods of fixing the
transition of the boundary layer.

(ii) An effect of the blockage ratio on the transonic drag rise my exist, but a
definite trend could not be found.

Pitching Moment

(i) The pitching moment is very sensitive, both to the base pressure and to the
downwash distribution.

(ii) Within a definite supersonic Mach number range, depending on the relative
model size, shock wave interaction generally has an appreciable effect.

(ill) No direct evidence is present of Reynolds number effect due to the pressure
distribution over wing and horizontal tail.

(iv) Tunnel-wall (lift and blockage) interference could not be traced.

Neutral Point

(i) The neutral point is especially sensitive to Reynolds number, through the
effect of the Reynolds number on the downwash distribution.

(ii) Other factors appear to have only a small effect.

(ill) Results obtained from tests with 'fixed transition', or with a sufficiently
high Reynolds number, show fair agreement.

Lift

(i) The agreement between the lift results Is about the same an for AGARD Model B.

(ii) Tunnel-wall interference could not be traced; an exception my be test Al
(blockage ratio 2.5%).

Lift-Curve Slope

(i) In the region around C = 0 similar irregularities in the lift-curve slope
are found as for AGARD Model B.

Taking these conclusions together, the essential point seem to be that AGAID
Model C is not sensitive to tunnel blockage and lift interference but. on the other
hand, it is very sensitive to several other factors, largely depending on the
location of the boundary layer transition point and the shape of the model.

The fixing of the boundary layer transition has a favourable effect on the agree-
ment of the results, which especially applies to the NLt results in this report.
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Important features of the model shape are the relatively large base area and the
location of the horizontal tail with respect to the base. Therefore the large
differences found are not fully representative of the agreement in general between
the results of measurements in different transonic wind tunnels*.

The author is fully aware that the analysis presented here is far from complete.
At this stage only an initial approach could be made, but, even in the present form,
the results my prove to be useful for certain purposes.
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Wind Tunnel

Test Ref. Symbol Institute Test Section
Name

Size WalI

Al 1 0 A.E.D.C. Transonic Model Tunnel I x 1 ft, 4 per
A2 2 * A.E.D.C. PWT Transonic Circuit 16 x 16 ft 2  4 per:
A3 3 0 A.E.D.C. PIT Transonic Circuit 16 x 16 ft, 4 per

BI 4 X Boeing Transonic Wind Tunnel 8 x 12 ft2  4 slot

DI 5 ai O.N. 2. R. A. Sofflerie Courneuve 0.28 x 0.28 m2 4 per
D2 5 A 0.N.E.R.A. Soufflerie Courneuve 0.28 x 0.28 m2 4 per
D3 5 D, 0.N.R.iA. Soufflerie 85 Chalsis 0.2 x 0.3 a2  2 slot
D4 5 k 0.N.R.lt.A. Soufflerie 85 Chalais 0.2 x 0.3 m2 2 slot

El 6 + O.S.U. Transonic Wind Tunnel 12 in. x 12 in. 4 per

Ji 7 4 U.A.C. Transonic Wind Tunnel 17 in. x 17 in. 4 per
J2 7 U.A.C. Subsonic Wind Tunnel 8 x 8 ft 2  sol|

K1 8 N.L. R. Transonic Wind Tunnel HOT 1.6 x 2.0 m2 2 slot
K2 8 V N.L. R. Transonic Wind Tunnel HST 1.6 x 2.0 m2 2 slot
K3 8 V N.L. R. Transonic Wind Tunnel HST 1.6 x 2.0 m2 2 slot
14 8 V N.L. R. Transonic Wind Tunnel HST 1.6 x 2.0 m2 2 slot

15 8 / N.L. R. Transonic Wind Tunnel HST 1.6 x 2.0 a2 2 slot
K6 8 . N.L. R. Transonic Wind Tunnel HOT 1.6 x 2.0 m2 2 slot
17 8 A N.L. R. Transonic WindTunnel HOT 1.6 x 2.0 a2 2 slot
18 8 A N.L. L Transonic Wind Tunnel liST 1.6 x 2.0 s2 2 slot
K9 8 0 N.L.IR. Transonic Wind Tunnel HOT 1.6 x 2.0 a2 2 slat

110 8 * N.L.A. Transonic Wind Tunnel NOT 1.6 x 2.0 a2  2 slot
K11 8 * N.L.t. Transonic Wind Tunel HOT 1.6 x 2.0 ae  2 slot

112 8 0 N.L. R. Transonic Wind Tunnel HOT 1.6 x 2.0 m2 2 slot
K13 8 M N.L.R. Transofic Wind Tunnel liW? 1.6 x 2.0 m2 2 slat
114 8 0 N.L.R. Transonic Wind Tunel HOT 1.6 x 2.0 m' 2 slot
115 8 • N.L.iR. Transonic Wind Tunnoel HST 1.6 x 2.0 ml 2 slot

H : test section height D : bo,
B : test section width d : at
L : model length I : lei
b : wing span 9 : cw
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TABLE I

General Data on Models and Facilities

nel Model Sting Reynolds

Test Section Number Remarks

D L/H b/B Blockage Transition Range (see also Table 11I)

Size Walls Open % % (see Table II) dID ID 9/2 e (0oT)

x I ft 2  4 perf." 6 1.956 in. 1.9 0.65 2.5 natural 0.488 1.5 5.60 1.6-2 Different
x 16 ft 2  4 perf." 6 1.956 in. 0.12 0.04 0.01 natural 0.488 1.5 5.60 0.7-1.2 tail configuration
x 16 ft 2  4 perf." 6 21.6 in. 1.3 0.45 1.15 carborundum 0.50 1.58 1.110 8.5-1.2

x 12 ft 2  4 slotted 11 4.559 in. 0.55 0.13 0.17 natural 0.483 1.48 2.940 2.9-3.4 Slightly different
model nose

x 0.28 m2  4 perf. 8 20 m 0.8 0.29 0.5 natural 0.60 - 40 0.92 Different
x 0.28 m2 4 perf. 8 20 - 0.8 0.29 0.5 wire 0.60 - 40 0.92 tall configuration
x 0.3 m2  2 slotted - 20 mm 1.15 0.27 0.7 natural 0.60 - 40 0.33
x 0.3 m2  2 slotted - 20 m 1.15 0.27 0.7 wire 0.60 - 40 0.33

. x 12 in. 4 perf. - 1.25 in. 1.2 0.42 1.12 natural 0.40 3.5 - 1.3-1.9

. x 17 in. 4 perf. - 1.25 in. 0.85 0.30 0.55 natural 0.765 2.8 11.20 1.8-3.3
x 8 ft 2  solid 0 1.25 in. 0.15 0.05 0.02 natural 0.765 2.8 11.20 1.0-1.1

x 2.0 m2 2 slotted 7 70 = 0.50 0.14 0.16 natural 0.50 3.0 50 0.5-0.8
x 2.0 m2  2 slotted 7 70 .m 0.50 0.14 0.16 natural 0.50 3.0 50 0.8-1.1
x 2.0 m2 2 slotted 7 70 mm 0.50 0.14 0.16 natural 0.50 3.0 50 1.5-2.1
x 2.0 m2 2 slotted 7 70 m 0.50 0.14 0.16 natural 0.50 3.0 50 2.3-2.9

x 2.0 m2 2 slotted 7 70 - 0.50 0.14 0.16 wire 0.50 3.0 50 0.5-0.8
x 2.0 *2 2 slotted 7 70 m 0.50 0.14 0.16 wire 0.50 3.0 50 0.8-1.1
x 2.0 m2 2 slotted 7 70 m 0.50 0.14 0.16 wire 0.50 3.0 50 1.5-2.1
x 2.0 m2 2 slotted 7 70 m 0.50 0.14 0.16 wire 0.50 3.0 50 2.3-2.9

x 2.0 m2  2 slotted 7 22 m 0.16 0.04 0.016 natural 0.50 3.0 50 0.5-0.7
x 2.0 m2 2 slotted 7 40 m 0.29 0.08 0.05 natural 0.50 3.0 50 0.9-1.2
x 2.0 m2 2 slotted 7 100 mm 0.72 0.20 0.32 natural 0.50 1.5 50 2.0-2.8

x 2.0 *2 2 slotted 7 22 - 0.16 0.04 0.016 wire 0.50 3.0 50 0.5-0.7

x 2.0 a2 2 slotted 7 40 m 0.29 0.08 0.05 wire 0.50 3.0 50 0.9-1.2
x 2.0 m2  2 slotted 7 100 m 0.72 0.20 0.32 wire 0.50 1.5 50 2.0-2.8
x 2.0 .2 2 slotted 7 70 m 0.50 0.14 0.16 wire 0.50 1.5 50 1.5-2.1

D body diameter no data available
d sting diameter
I length of cylindrical portion of sting • inclined holes

: cone angle of sting 2
24



165

TABLE 11

Boundary Layer Trips

Teat Method Relative Remarksa

A3 Carborundum No. 60, 0.02 no trip on body
height 0.025 in., width IS chord

D2 wire, d =0.07 - 0.07
N4 wire, d =0.07 am 0.07
K5. K6. K7,

K8, K15 wire, d =0.25 - 0.07
K12 wire, d = 0.15wa 0.13
K13 wire, d = 0.20 -m 0.09
K14 wire, d = 0.25mam 0.05

Relat ive thickness a trip height divided bF wing root thickness at 15% chord

TABLE III

Deviations of Model Configurations

Teat Descript ion of Deviationa

Al, A2, A3 Horizontal tail and leading edge 0.098
of vertical tail displaced down-
stream over 0.098 D. Vertical
tail root chord Is 1.402 D
Instead of 1.5 Dli
(according to References 1, 2
and 3)

B1 Model nose slightly different*
(according to Reference 4)

D1. D2 Horizontal tail span Is 1.5 D
(probably instead of 1.63 D

also (according to Reference 5)
DS, W4) i400 15 6.

The difference Is quit small, so that no influence on the measurements Is to be expected
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TABLE IV

Accuracy and Repeatability of the Measurements. as Stated in the References

Test M a CL  Ca CDf CDb Remarks

Al 1 0.002 ± 0.100 ± 0.0140 ± 0.0020 ± 0.0040 ± 0.0005 0.704 M X 1.15
Al ± 0.006 ± 0.100 ± 0.0100 + 0.0010 ± 0.0020 ± 0.0002 1.20< M 4 1.50
A2 ± 0.003 ± 0.300 ± 0.0150 ± 0.0050 ± 0.0060 ± 0.0020 0.704 M< 1.15
A2 ± 0.006 ± 0.300 ±10.0100 ±10.0020 ± 0.0030 ± 0.0010 1. 20 Md 1.50
A3 ± 0.003 ± 0.050 ±*0.0040 ±*0.0020 ± 0.0030 ± 0.0003 0.70 M 1.10
A3 ± 0.006 ± 0.050 ± 0.0040 ± 0.0020 ± 0.0030 ± 0.0003 1.20< M< 1.60
B1 - - - -

D1. D2
D3. D4

J1. J2 - -

K1. K5 - 0.0022 0.0012 0.0013 0.0003
12, 6 - 0.0016 0.0008 0.0004 0.0002
13, 17, K15 - 0.0013 0.0007 0.0007 0.0002
4, 18 - - 0.0013 0.0006 0.0003 0.0001

19, K12 - - 0.0032 0.0006 0.0008 0.0002
K10, K13 - - 0.0019 0.0014 0. 0007 0.0002
111. K14 - - 0.0020 0.0007 0.0004 0.0002

- no data available

Notes, taesk from the references:

1. The accuracy of the data of tests Al. A2 andA3 has been determined by combining
the errors In the balance read-out system, base pressure and strew parameters
by a method based on a 95S level and a normal error distribution.

2. For 11-115 the testing procedure resulted in the repetition of some model
attitudes at each Mech amber. The coefficient repeatability in defined as
the average of the absolute values of the differences between two corres-
poiding data points.
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Fig. I AGMRD Calibration Model C

Wing and tail profile: symetrical circular arc ection thickness ratio =0. 04.

Noe profile: length 3D. Equation of curve r = -1 [1 . 1 (1) 2 + 1)].

Radius of nose and wing leading edges should be D/500.
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Fig. 2 Reynolds nubr (based on man arodynamic chord) versus Mach number
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SUMMARY

Measurements of daing derivatives made in four different low speed
tunnels on an unswept tapered wing are compared. All the tunnels used
a forced oscillation technique, but had different methods of taking the
measurements. The results show reasonable agreement, though there is
a caniderable scatter in any one set of measurments.
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NOTATION

b overall span

c centre line chord

f frequency of oscillation 0c/8)

ob w
k radius frequency paramer, =- or -

2V 2YV

L lift

I rolling moment

a pitching moment

n yawing moment

p angular velocity In roll

q angular velocity in pitch

r angular velocity in yaw

S wing area

V free-strea velocity

a angle of incidence

16 angle of sideslip

p mass density of air

co circular frequency of oscillation, 217f (rad/sec)

Coefficients

LB,
CL TP V_ s S a qc

2V

I V p =ibaB q

2V
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TESTS ON AGARD MODEL D

1. INTRODUCTION

AGARD Model D is a wing with a rectangular centre section and tapered tips. It
was designed for checking measurements of damping derivatives in low-speed wind
tunnels. The wing is supported by a sting (Fig.1) and a body shape is given, suitable
for enclosing any measuring mechanism or supports at the rear of the sting. Tests
were suggested with the model symmetrically mounted on the sting and alternatively
with the sting attachment along axis XX' (Fig.1).

Tests have been made on this model in four different low speed tunnels and the
results are compared here. There are differences in the non-dimensional coefficients
used to quote the results, and here the NACA system has been used (see Notation).
A sumary of the tunnel conditions in the various tunnels is included in Section 2.
All the measurements were made at zero wing incidence.

2. DETAILS OF TESTS

2.1 ONEA Tests

These tests' were made in the Alger tunnel of O.N.E.R.A. Measurements were made
on a stability balance of normal force, pitching, rolling and yawing moments. The
model was oscillated about the roll axis (horizontal along the sting) and about a
vertical axis OZ (Pig.1). With the wing span vertical, the oscillation about axis OZ
gave the derivatives due to pitch, and with the wing span horizontal the derivatives
due to yaw. Some tests were included with the wing span vertical and the sting in
the unsymmetrical position fixed along axis XXI (Fig.1). Por most of the tests the
forces on the body were included In the measurements but a few results are given
where the body was present but the forces on it not included in the measured values.

2.2 NLL Tests

The NIL tests 2 were made on the same model as used in the ONEA tests but no body
was present, the sting being bent round at right-angles at the point 0 in Figure 1
and taken through a fixed fairing to the oscillating mechanism under the floor of the
tunnel. In these tests the model oscillations were forced through a spring. The
notion of the model and the driving motion were both recorded by converting them to
voltages by means of potentiometers. The amplitudes of the driving and model motions
were measured when there was a 900 phase difference between the two motions.

Measurements were made of pitching moments due to a pitching oscillation with the
model symmetrically fixed on the sting. Corrections were made to the results for
sting bending.

2.3 MACA Tests

These tests3 were made in the Langley Pield stability tunnel. The model was
supported by the sting connected to a strain-gauge balance in the body. The model
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was oscillated in roll and pitch and was only tested in the symmetrically supported
condition. The measurements were taken by feeding the strain gauges with a voltage
obtained from a sine-cosine resolver driven by the oscillating mechanism. This gave
strain gauge output signals proportional to the forces in phase and out of phase
with the model.

The results given in Reference 3 have not been corrected for deflections of the
model under load. Estimates have now been made of these effects by N.A.C.A. and the
results quoted here have been corrected for these estimated deflections.

2.4 1IW Tests

These tests4 were made in an open Jet tunnel. The model was oscillated in pitch
and some tests were included with the wing unsymmetrically mounted on the sting.
Measurements were also made with the model rolled at a continuous rate. The model
was supported by the strain-gauge balance mounted in the body and the measurements
were obtained from strain gauges in a similar manner to the MACA tests. The method
used is described in detail in Reference 5.

3. DETAILS OF MODELS AND TUNNELS

Details of the models and of the tunnels in which they were tested are contained
in Table I. which follows.

TABLE I

AGA Model D

Tunne I Model V f
c(ft) (ft/sec) R x 106 AXIS (c/s) Ap. Ref.

0.N.E.R.A. 0.656 65 - 130 0.26 - 0.52 pq 1.3 1

N.L.L. 0.656 100 - 180 0.4 0.76 q 1.4 - 2.4 2

6' x 91

N.A.C.A. 0.656 85 0.33 q 1 - 1.5 t4 °  3

6' x 6' p 1 - 3 *4 °

IM.F.M. 0.656 42 - 130 0.17 - 0.52 q 0.92 ±2.70 4

p s .

"Cntinuous at 10.25 radian. pr second
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4. RESULTS AND DISCUSSIONS

In the pitching moment tests the combined derivatives which were measured are
q+ Ca the damping term, and Com - k2 C*6 o the stiffness term. Figure 2 shows

the comparison of the various tests and the theoretical estimates. Though there is a
large scatter in the results, the NACA measurements of the damping derivative appear
to be high. This error could be associated with inaccuracies in the large correction
for deflection. The measurements at I.M.P.M. of the stiffness term also appear to be
rather higher than the mean of the other experimental results.

Figure 3 shows the measurements made by O.N.E.R.A. where forces on the body were
investigated. In both sets of tests the body was present, but in one of these the
forces on it were not included in the measurements. The results shown in Figure 3
show that excluding the body forces gave a small but significant increase in C,,o and
in -CM$ . If this was allowed for In the NIL test, which was the only other one of
the tests without body, there would be a slight improvement in the agreement of the
Cwq measurements but not of the C., measurements shown in Figure 2.

In Figure 4 the tests made with the unsymmetrical sting mounting show values of
the rolling moment due to pitchingt. This derivative is due to the unsymmetrical
support and, as the rolling moment axis is in this case c/2 away from the plane of
symmetry,

= c CL - 1

and Ciq sa I A 12 b 8CLq

Comp.-ison with the OHMRA measurements on Cla and C/q in Figure 3 show good agree-
ment with these formulae.

The yawing and rolling moment due to roll are shown in Figure 5. The tests at
I.M.P.M. show appreciably larger values for -C/p and Cnp than those at O.N.E.R.A.
at small values of the frequency.

There seem to be no particular reason for this difference. For the unsymetrically
mounted model the IMPM tests show a steady reduction in C and -C1  with increase
of the frequency parameters. This may be because these tests were made with a steady
rate of roll. As discussed in Reference 4, this can give rise to large values of
the helix angle, particularly near the tip of the model, which would not be present
in an oscillating test at the same frequency parameter.

* Strictly these should be (Ca - k 2 Ca0I) and _(Cmq + C,&); similarly CL, should be
(CL. -k 2 C). CLq - (CLq- CL.), C1 , (Cl - P C14). ClqI (Clq * C).

f In Reference 4 these results are quoted incorrectly as values of rolling momaent due to yaw.
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5. CONCLUSIONS

(i) Measurements of damping derivative on AGARD Model D made in four different
low speed tunnels show reasonable agreement. though there is a considerable scatter
in many of the results.

(ii) F'or an unsymmetrically mounted model, measurements made in steady roll show
changes in C, and Cn with increase of frequency parameter. All other
derivatives measured were substantially unaltered by change of frequency parameter.
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SUNNARY

Tests on hemispheres in various hypersonic facilities are suaried.
Pressure distribution and heat transfer measurements are in reasonable
agreement over the forebody, though there are some discrepances In
results over the afterbody. A few measurements of shook wave detachment
distance are also comwared with theoretical curves.
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NOTATION

CD drag coefficient, = drag/(%pV 2 x frontal area)

D body diameter

Di  diffusion coefficient

k thermal conductivity

K density ratio across a normal shook wave

L Lewis number, = Di pC/k

M Mach number

p static pressure

aheat transfer rate

R hemisphere radius

a distance along surface from stagnation point

To  stagnation temperature

8 axial distance from upstream side of shock to model stagnation point

y ratio of specific hosts

Suffixes

1 denotes initial channel pressure in shock tube

e denotes local flow conditions

a denotes body stagnation point

* denotes free-stream conditions ahead of bow shock
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TESTS ON AGARD MODEL E

1. INTRODUCTION

A hemisphere was selected as a suitable model for testing in various hypersonic
facilities and it was suggested that measurements of pressure distribution, stagnation

temperature, heat transfer and normal aerodynamic coefficients should be compared.
Tests have been made on a hemispherical cylinder in Hotshot1 . in several shock
tubes 2 " 4 ,6 , in a light gas gun3 , and in a shock tube tunnel using a reflected shock
technique8 . The flow over a hemisphere has been discussed in considerable detail in
References 1 and 2 and this note merely summarizes some of the discussion in those
two papers and adds a few further results.

2. DRAG MEASUREMENTS

Balance measurements of the drag of a hemisphere were made in Hotshot1 using a
strain-gauge balance. The model consisted of a hemisphere of 2 in. in diameter with
a 20 flare 1 in. long at the rear. The model was made of fibre glass and light
enough to give a frequency response of approximately 1 kc/s. The balance was
viscously damped to 40% of critical damping.

The drag balance results (ig.1) have not been corrected for base pressure'drag,
as this is estimated to contribute less than 1% to the overall drag. Comparison of
the integrated pressure distribution with the measured drag shows a difference of about
10% which can be attributed mainly to skin friction. The simple Newtonian theory

CD - %CPax gives an accurate estimate of the pressure drag at high Mach numbers.
The Hodges experimental results1 0 are from ballistic range tests and show good agree-
ment with the calculations due to Liu1 , who has worked out the forebody drag as that
due to the local pressure behind a closely wrapped bow shock.

3. PRESSURE DISTRIBUTION

Pigure 2 shows a collection of a number of measurements of the pressure distri-
bution on a hemisphere from different hypersonic facilities, including conventional
tunnels, shock tubes. Hotshot and a light gas gun tunnel. The Newton, Prandtl-Meyer
theory matches the forebody pressure distribution accurately and there is reasonable
agreement between all the different measured results at high Mach number on the
forebody. The afterbody pressures are, however, appreciably affected by Mach number
and further experimental results are required in this region.

4. MEAT TRANSFER

Heat transfer results from a number of measurements in shock tubes have been com-
pared in Reference 2 and Figure 3 reproduces the analysis. In all these tests thin
film platinum resistance thermometers have been used for the measurements, except in
some of the tests in Reference 6 when a thin film surface thermocouple was used. The
film thickness used in the NACA tests was 4 x 10 " 6 in.: in other cases it was not

235



236

recorded. The results are compared with the theoretical curves of Pay and Ridde11
2

using a Lewis number of 1.4 and a Prandtl number of 0.71. An average for the results
for the thin film gauges is about 206 below the theoretical curves. One set of tests

made at AVC0 with a thick film. 1 x 10"3 in. thick, of the calorimeter type of guge.

showed results very close to the theoretical curves. There is therefore an apparent

difference in the results due to the method of measurements which has not yet been

explained.

Figure 4 shows some measurements made in Hotshot'. These were made with a
Morgandyne gauge, which consists of a copper ring 0.01 in. thick with an outside
diameter of 3.16 in.. inductively coupled to an inner coil and excited at 20 kc/s.
As the copper changes its resistance with the addition of heat. a signal is produced
proportional to the total heat added to the copper. The results in Figure 4 are too

scattered for any precise evaluation, but again show a tendency to feW'. 'low the
values given by the Pay-Riddell equation.

The measured distribution of heat transfer over the hemisphere is compared with
the curves for Lees theory' 3 in Figure 5. This theoretical curve has been obtained
by using the experimental pressure distribution shown for Hotshot in Figure 2. The
results are fairly scattered but are in reasonable agreement with the theoretical
values for y = 1.4 . The few results from the light gas gun tunnel are appreciably
higher than the other measurements.

5. SHOCK WAVE DETACHMENT DISTANCE

The shock wave detachment distance ahead of a hemisphere has been measured from
schlieren photographs both in Hotshot' and in a reflected shock tunnel 5 . Figure 6
from Reference I shows the results from Hotshot plotted against Mach number, as com-
pared with various measurements at lower Mach numbers and with calculations.

Figure 7 shows some corresponding results obtained in the reflected shock tunnel.
Som of these results at the higher stagnation temperature were in fact obtained from
direct luminosity photographs where achliern was not possible. These results are
compared with the simplified Serbin formula for the shock detachment distance"

8 0.67

R K-I

where K is the density ratio across a normal shock at the free stream Mach number.

btimats of K have been made in Reference 5 at the nominal M = 10 nozzle (a
nozzle area ratio of 576) for flow in thermal equilibrium through the nozzle and for
completely frozm nozzle flow. With frozen flow there is only a small change in K
with increse of stagnation temperature but, with equilibrium flow. K increases
fairly rapidly with Increase in temrature. Figure 7 shows the corresponding
estimate of shock wave detachment distance for the two cases and shows that most of
the experimental results lie between the two curves.



237

6. CONCLUSIONS

(i) Measurements of pressure distribution on a hemisphere made in different
types of hypersonic facilities showed reasonable agreement over the forebody but
some differences over the afterbody.

(ii) Heat transfers measured with thin film gauges also showed reasonable agree-
ment, but there is a discrepancy between these results and measurements with thick
film calorimeter type gauges.

(iii) The few measurements of shock wave detachment distance are scattered.
Further measurements may be useful In deciding whether the flow in any facility is
in thermal equilibrium or frozen.
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