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Inperial College

SUMMARY

The report mesents measurements made in the small supersocnaic
wind tunnel at the National Physical Laboratory, Teddangton. Boundary
layer measurements in two favourable and one adverse pressure gradient are
analysed. The report also includes a more detailled study of some zero
pressure gradient measurements, made with the same apparatus and reported
earlier, and a study of the performance of the floating element skin friction
balance in pressure gradients.
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1. Intioduction

. 1
In a previous report B. Edwards and the present author presented
measurements carried out in the boundary layer of a zero pressure gradient

flow at a nominal Mach number of 2-2. The present report 1s concerned with
similar measurements carried out in the same wand tunnel but in the prescnce
of longitudinal pressure gradients. The influence of adverse and favourable

pressure gradients on the hydrodynamic properties of the boundary layer is
demonstrated. The severity of the pressure gradient is exemplified (a) by
the Mach number range which was 2+7 to 2*1 for the adverse pressure gradient
and 18 to 2+4 for the favourable pressure gradients, all achieved over a
distance of approxamately 2 feet, and (b) by the parameter L(61/%m). dp/dx]

(= the ratio between the pressure gradient and skin friction terms in the
integral momentum cquation) which is of the order 0-35 for the adverse pressure
gradient and -0+25 for the favourable presswe gradients.

The main purpose of the present report is to present the results of
the experimental programme in a form switable for comparason with results of
predac tron procedures. The amplications of the results and the likely experi-
mental precision are discussed and further comments on the earlier results of
Ref. 1 are included. The sections on the apparatus, experimental procedure
and precision are detailed only in so far as they refer to non-zero pressure
gradient situations: a more detailed account of these items, for zero pressure
gradient situations, may be found in Ref. 1. A lay-out diggram of the wind
tunnel is shown in Fig. 1. The aar, whach is supplied from a high pressure
storage system, flows through guick action and gate valves before entering the
working section through a settling chamber; i1t leaves through a subsonic
diffuser placed downstream of the second, and adjustable, throat. The rectangu-
lar working section has a constant width of 1 foot and is constructed in two
parts. The upstream section has a flexible steel rool and a rigid gun-metal
floor; the downstream section has a ragid, adjustable, gun-metal roof and a
gun-metal floor. The s1de walls of the working section are of steel throughout.

2. Apparatus

No apparatus changes were nec¢essary to achieve the favourable pressure
gradients presented here. The flexible upstream section of the roof and the
nflexible downstream section of the roof were adjusted to give the strongest
possible favourable pressure gradient cempatible wath the equipment and the
requirenent that the longitudinal static pressure distribution should have no
discontinuitaes. In the case of the adverse pressure gradient, however, an
apparatus change was necessary. In this case the arrangement of the roof to
give the strongest possible adverse presswre gradient compatible wath the
equipment implied that a normal shock wave remained just downstream of the first
throat and, consequently, that the downstream flow was subsonic. In order to
overcome thas defect, the downstream section of the roof was hinged at 1ts
leeding edge; this allowed it to swing by approximately 10°. Thus, on
starting, the build-up in static pressure inside the nozzle lafted the downstrean
portion of the roof to its haghest posaition amd enabled the wind tunnel to start;
once started, the static pressure fell and the hinged roof returned to its lowest
position and the flow to the required adverse pressure gradient. Two pairs of
single-acting dashpots were provided to damp the motion of the roof in both
directions.

For/



{»

-7 -

For each of tihe three pressure gradients presented here boundary
layer trips were provided in the region of the first throat, For the farst
favourable pressure gradient, a Sellotape trip was used; for the adverse
pressure gradient, & half inch sirip of 200/230 carborundum powder was glued
to the floor; and for the second favourable pressure gradient, a one inch
strip of 200/230 carborundum was glued to the floor.

The instrumentation was identical to that used in Ref, 1. In
addiiion to a flattened total pressure probe (0.045 inch x 0,006 inch internal
dimensions and 0.040 inch x 0,002 inch internal dlmen51ons), measurements were
carried out with a round total pressure probe of dimensions 0.012 inch o.d. and
0.004 1nch i.4.

A novel design of surface tube was used for skin frictiop measurements.
Two slots, each 0.16 inch long by 0.004 inch wide were made on a diameter of a
% inch rod whose end was flush with a standard floor plug. A ramp depression
of 0,0015 inch maximum depth and 0.20 inch long was made ahead of one slot
creating in effect a step on the plug surface. The slots were connected via
metal and flexible tubing to the limbs of a U-tube water manometer. The pressure
difference that the manometer recorded was that between the static and essentially
Lotal pressures immediately adjacent to the plug surface,

The surface tube was calibrated in zero pressure gradient against a
floating element balance (Ref. 1) to obtain a relationship between the pressure
difference reading and the skin friction. Pericdic checks of the low speed
calibration were made in a square pipe.

I, Experimental Procedure and Results

3.1 Arrangement of the longitudinal pressure distributions

In order to achleve the requirements of the strongest possible pressure
gradient and an absence of discontinuities ain the static pressure distribution,
the roof of the working section was imitially set on the basis of one-damensional
1sentropic flow theory with allowance for the boundary-layer displacement
thickness. ‘The static pressure distrabution along the floor centre line was then
measured and the rcoof setting adjusted until a satisfactory distribution was
obtained. The three static pressure distributions used for the present
investigation are shown in Fig. 2, and the corresponding Mach number distributions
are shown in Fig. 3.

The static pressure distribution for the first favourable pressure
gradient can be represented by a smooth curte from which, between ports 1 and 114,
the meximum deviation of an experimental point is 3%. The Mach number range
between these ports 1s 1.8 to 2.4. The static pressure dlstrlbution for the
adverse pressure gradient also showed a maximum deviation of 3% from a smooth
curve up to port 11:  but in this case, the adverse pressure gradient began at
port L; between ports 4 and 11 the Mach number range was 2,7 to 2,15. The
maximum deviation of static pressure measurements from a smooth curve in the case
of the second favourable pressure gradient was 3% belween ports 1 and 10 and the
Mach number range was 1.8 to 2.45.

%.2 Experaimental checks

The two-dimensionality of the flow and the repeatability of the
measurements were tested f'or all pressure gradients in the manner described in
detail in Ref. 1. TFlow visualisation using oil; static pressure measurements
3" to either side of the centre line of the floor of the working sectien; and

Preston/



Preston tube measuremenls over the centre 10 inches of the working seection
revealed no significant deviations from two-dimensionality. Measurements of
total pressure in the working section revealed no significant change over the
period of %time required to complete a run; repetition of zome velocity profile
and skin friction measurements showed no significan% difference in the results,

3.3 Velocity profile end skin-friction measurements

Total pressure profiles were measured at ports 1 to 11 for the first
pressure distribution using the flattened total pressure probe. The resulting
velocity profiles are shown in Fig. 7 in compressible law of the wall co-ordinates,
(see Section 5.5). The corresponding velocity profiles for the adverse pressure
gradient and the second favourable pressure gradient are shown in Fig. & and 9%,
respectively, and are discussed in detail in Section 5.

It may be seen from Fig. 7 that the boundary laoyer was not fully
turbulent upstream of port 4., A similar situation is revealed by Fig. 8, although
a carborundum boundery layer trip was used, The results in Fig., 9 indicate a
fully turbulent boundary layer from port 1; in this case a longer carborundum
trip was employed. The values of momentum thickness and skin friction coeffacient
corresponding to the measurements shown in Figs. 7 to 9 are shown on Figs. 4 and 5;
the values of momentum thickness were obtained in a manner similar to that
described in Ref. 1 but with allowance for the variation of static pressure normal
to the floor (see Section 4) and the values of skin friction using the calibrated
surface probe. The subsonic calibration of the surface probe was repeated after
each pressure gradient to determine if' erosion had altered the probe charascteristics;
differences in calibration amplying en increase of at most 2% in the calculated
values of skin friction, were discovered and considered insignificant.

The floating element balance, previously described in Ref. 1 and used
in zero pressure gradients, was tested in the first favourable and adverse pressure
gradients. The results are shewn in Fig. 15 an the form of an error plot,

Y4, Experimental Precision

A detailed discussion of experimental precision in zerc pressure
gradlent situations was presented in Ref, 1. The experience gained in the present
series of experiments has suggested some minor changes to the estimales of precision;
these are shown in Table 1 and discussed below.

The error assessments of Ref, 1 dad not include the possible effect of
non-uniformity of the static pressure distribution., This could give rise to
errors up to 0.5% in u/ug.

A sigmficant source of error in the evaluation of momentum thickness
was overlooked in Ref, 1; this concerns the uncertainty in determining the outer
edge of the boundary lgyer. This is especially significant for the velocity
profiles measured in regions having a strong local pressure gradient, since the
total pressure tube reading in the free stream of a supersonic flow 1s a function
of local Mach number. The static pressure normal to the floor is not constant
for a supersonic flow with pressure gradient and, consequently, it is not possible
to accurately estimate the edge of the boundary layer on the basis of total pressure
tube readings. The ambiguities caused by this factor have been eliminsted in the
present work by taking into account the variation of static pressure normal to the
floor in the calculation of velocity profiles. Fig, 12 clearly demonstrates the
difference in the lach mumber profiles obtained with and without the allowance for
variation of static pressure normesl to the floor in favourable and adverse preasure :
gradients/
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gradients, The difference belween the atatic pressure at the wall and at tho edge
of the boundary layer in the case of a typical profile 1s of the order 2 to 3%
although it 1s of the order 104 in the region of port 1 for all the reported
pressure gradients. The maximum differences in u/uG and 8, calculated by the

present procedure and that used in Ref. ! are 2% and 5%, respectively; the
average differences are approximately 1% and 2%. This leads to an additional
uncertainty of the order 2% in 6.

The possibility of total pressure tube errors due to "displacement
gffects™ was explored by repeating two of the velocity profile measurements an
the second pressure gradient with the round totul pressure tube. The
differences were well within the estimated experimental error (0.0005 to 0,001 in y)
and hence errors due to "displacement effects" were considered negligible.

Table 1

Summary of overall errocors

Item Maximum error Reproducibilii
Pytag 0, 5% -
p " . -
Piot " T

u/uG +1,5% 1%

8, *3% 2%
L (surface probe) +1% 2%
r {(floating element +3,58 2%
w

balance)

5 Discussion of Results

The present measurements are discussed in the sequence in which they
have been obtained. This is followed by a discussion of the zero pressure
gradient measurements reported in Ref. 1 and of the implications of the present
results, and those of Ref. 1, on the law of the wall; fainally, the results of
the floating element balance are discussed, :

5.1 The first favourable pressure gradients

The variation of the parameter [(éi/rw).dp/dx] with distance is shown

on Fig, 14, [(&l/rm).dp/dx] is the ratio of the pressure gradient. term to the
drag force term in the momentum integral equation:

d
E; (pGuG’ 53) = T, + ﬁh.dp/dx

Tt/
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It is evident from Fig. 14 that the three pressure gradients
can be described elther 25 mild or moderate and it should be stressed here
that with the present apparatus, it is not possible to obtain significantly
stronger pressure gradients,

It has already been stated in Section 3.3 that the boundary layers
did not become fully turbulent until port 4 had been reached. The pressure
gradient parameter [(vu/GﬂF‘Pm)' dp/ﬁx] » plotted in Fig. 13, 1s a measure

of the tendency for the flow to relaminarase; although not strong enough

to relaminarase a fully turbulent boundary layer in the measured region, it
may be expected that the pressure gradient in the section upstream of port 1
was sufficiently sirong to overcome the effect of the boundary layer trip.
The profiles at ports 1 and 2 bear a strong resemblance to those presented by
Michel et al. 2 in g strong favourable pressure gradient.

The distribution of skdin friction obtained from surface tube measure-
ments is shown on Fig. La along with Spalding—Ch13 values (for zero pressure
gradient flow at the respective Mach numbers and R,), The coefficients of
skin friction show a maximum deviation of 3% from a smooth line with the
exception of the one at port 6. The discrepancy of the value at port 6 may
be due to a local variation in pressure gradient or a reading error; the
latter possibility is supported by the Ilnspection of the appropriate veloclty
profiles in log-linear co-ordinates. The values of the measuwred skin friction
are lower than the Spalding-Chi values up to port 6 amd are about equal from
ports 7 to 9. This is somewhat in disagreement with what one expects in a
favourable pressure gradient. But, on taking into account the facts that (a) the
boundary layer was not fully turbulent in the initial region, (b} the pressure
gradient was mild in the downstream section, and (c) the difference of up to
2% in the calibration of the surface tube, the results are considered to be
satisfactory.

The experimental values of momentum thackness shown on Flg. 5 are in
good agreement with those evaluated from the momentum integral equation using
the experimental values of skin friction. The deviation is less than 4% in
the favourable pressure gradient region (i.e. up to port 9). Downstream of
port 9 the deviation increases to around 10%; this increase may have been
caused by the reversal of the pressure gradient, by local irregularities in
the pressure distribution, by weak shocks originating from the Jjoin in the
roof, or by the convergence effect due to the growth of the boundary layer on
the side walls; the first three effects camnot be estimated while the fourth
can, and in the present case accounts for nbt more than 2% of the discrepancy
in the section downstream of pert 9.

5.2 The adverse pressure gradient

The velocity profiles shown in Fig. 8 do not indicate a log law
region prior to port L. In addition the profiles tend to deviate from the
log law between ports 8 and 10 where part of the deviation 1s caused by the
adverse pressure gradient as seen from Fig. 11; at port 11 the pressure
gradient becomes favourable and the profile returns to log law.

The experimental values of skin friction coefficient shown on
Fig. 4b lie on a smooth curve with a deviation of up to 3% with the exception
of ports 10 and 12, where the skin friction coefficient is higher than that
given by the smooth curve by approximately 7%. The values of experimental

skin/
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skin frictlon coefficient are slways less than the Spalding-Chi values and
an the adverse pressure gradient region by an average of 10, This is in
accordance wilth the expected trend.

The experimental values of momentum thiclmess shown on Fig. 5 have
e maximum deviation of 4% up to port 10, from the corresponding values calcu-
lated from the momentum integral equation and the measured values of skin friction.
At ports 11 and 12 the deviation is approximately 8.

5.3 The second favourdble pressure gradient

In this case all the profiles indicate a logarithmic region, the long
strip of carborundum having successfully tripped the boundary layer.

The values of skin friction coefficient shown on Faig. ke andicate a
maximum deviation of 4% from a smooth curve. The measured values of skin
friction are higher than the Spalding-Chi values up to port L where the pressure
gradient 1s strongest and tends to less than the Spalding~Chi values by an
average of 3% in the region downstream. This is similar to what was observed
in the downstream region of the first favourable pressure gradient.

Measured values of momentum thickness show less than 3% deviation

from the corresponding momentum integral equation values. In this case no
measuremcnts were made downstream of port 10.

5.4 The zero pressure gradient results of Ref. 1

The values of momentum thickness presented in Ref. 1 have been re-
calculated using the procedure discussed in Section 4« In addition, a small
error in the half height of the total pressure probe has been corrected.
Figs. 10a and 10b show the recalculated velocity profiles and Fig. 6 the
corrected momentum thickness.

5«5 The law of the wall

The veloolty profiles presented in Figs. 7 to 10 are in compressible
law of the wall co-ordinates (ut,y+)}. The compressible law of the wall used
in this report is based on mixing length assumptions similar to those used in
incompressible flow, i.e.:

T (=71,)=K%" (.-:5):

and is glven by:
u 1 u 1 u,
£ {—s;l.n'1 ( -——)]:—1oge (_r_{) + const.
u‘_ o I:!.{,r K vw

where,

y-1 y -1
a® 1s equal to r N2 1+ r M2
2 ¢ 2 G

Defining/
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+ " Yo 1 . u .
Defaning u as — { = sin — the law becomes:
u a u

T G

at = 4 logio y+ +GC .

A eand C are taken as 575 and 5°0, respectavely, in accordance with Ref. 8
and the recovery factor r +taken as 0*9 in all relevant calculations.

Some other forms of the law of the wall have been presented in Ref. L
and commented upon; the present form has been pref'erred for its sipplicity
and suitability for adiabatic flows (see Ref. 5). Some authors - e.g. Winter
et al. 6 - however, have used the incompressible form of the law of the wall:

u
— = A logio y+ + C ;

u
T

but 1t is evident from Flg. 11 that the difference between u/hr and u' is
significant at higher values of q/uG (and at high Mach numbers). The results

presented in Figs. 7 to 9 may suggest that the incompressible form of the log
law will give equally good, if not better, agreement with experimental profiles;
but it must be remembered that the corresponding skin friction values are in
general lower than expected and there is an uncertainty of 2% in the surface
probe celibration. Thas accounts for part of the disagreement between the
experiment and the compressible log law. The case for the compressible log
law is strongly supported in Ref. 5 where a wide range of compressible flow
data 13 analysed.

The effect of pressure gradient on log law is obtained by assuming

or dp

T=T +Ye— =17 + 05—

W 2y ® ax

and, is glven by:
1
+ + 1 dp . dp )
u = A logic ¥ + — . y+C=A [logioy + « — ) + C;
hKrm dx 1'6A.rw dx

and tends to decrease the discrepancy between the experiment and the log law
for adverse pressure gradients while increasing it for favourable pressure
gradients at higher values of y+ (greater than 100). The use of a slightly
larger value of C (say 5°5) will yield improved agreement between the experi-
ments and the law of the wall. This in turm implies that the use of a form
similar to that used by Rotta 7 s also based on mixing length, (where the
constants A and C are given by

N

A = 575, (1°0 = 0-2 MT)

[
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and

1
e0) - Q- z .
C = (1-0 02”7)'(52*5Mr)

where
= rw/&p

is desirable. The cholce of MT as the variable defining A and € was

based on the analysis of a small range of high Mach number data and it may be
pref'erable to replace MT as the independent varieble, as suggested by

Bradshand y and suitably redefine A and C.

5.6 The floating element balance measurements

Floating element balance peasurements in pressure gradienis are
presented in Fige 15 in the form of an error plot {assuming surface probe
results to be correct); the results of Ref. 1 are also included. The Figure
shows a lack of correlation which may be due to the experimental uncertainty
in the swurface probe and the floating element balance measurements as well as
the occurrence of a f'ew feeble measurements among the floating element balance
results. Brown and Joubert? report the occurrence of secondary forces of up
to 15/ of the local shear stress with "some" correla tion with pressure gradient
in flows where the direct effect of the pressure gradient is only 3% of the
local shear stress. This condition corresponds to [dp/dx). D/r ] approximate~
1y equal to 0°001 for the floating element balance used in the prc%ent work;
and it is possible to use the floating element balance to an accuracy of the order
5% in mild pressure gradients (dp/dx. D/}w < 0-002).

6. Concluaions

1. Measurements of velocity profiles and skin friction in three pressure
gradients are presented in the present report and form suitable test data for
the study of prediction methods. One of the favourable and the adverse
pressure gradient data cover a wide Mach number range but the other favourable
pressure gradient covers a smaller Mach number range.

2. The data of Ref, 1 are found to be of better preclsion than apparent
in BRef. 1, but the conclusions of Ref. 1 are still valid.

3. The floating element balance cammot be reliably used in strong
pressure gradients but is usable in mild pressure gradients to an accuracy of
5%e
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