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SUNMARY 

The report presents measurements made in the small superscn~o 
wrnd tunnel at the National Physical Laboratory, Ted&ngt.on. BClUld~QJ 
layer measurerents I.II two favourable and one adverse pressure gradlent are 
analysed. The report also i.nclu&s a mere &taiJxd study of some zerc 
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. Em oauc t1on 

In a prenous &port' B. Edwards and the present author pxesented 
measurements carried out m the boundary layer of a zero pressure gradient 
flow nt a nominal Mach number of 2.2. The present report z.s concerned with 
similar mensurements carru%i out m the same mnd tunnel but m the presonce 
of longitudinal pressure gradmnts. The influence of adverse and favourable 
pressure gradients on the hydrodynamic pmpertaes of the boundary layer is 
demonstrated. The severity of the pressure gradient is excmplif~ed (a) by 
the l/ach number range whxh was 2.7 to 2.1 for the adverse pressure gradlent 
and I.8 to 2.4 for the favourable pressure gradients, all achieved over n 
dutance of approxmately 2 feet, and (b) by the parameter L(6,/rw). dp/d.x] 

(= the ratao between the pressure gradient and skin frxtion terms Xn the 
integml mommtm equation) whxh is of the order 0.35 for the adverse pressure 
gradient and -0.25 for the favourable pressure gradients. 

The maim purpose of the present report 1s to present the results of 
the expemw,ntal programme in a form sutable for conpar~~on with results of 
predxotam procedures. The xmpl~cations of the results and the likely experi- 
mental preou,~on are dlsoussed and further comments on the earlier results of 
Ref. 1 are included. The sectxons on the apparatus, experimental procedure 
and precu~on are detailed only in so far as they refer to non-zero pressure 
grstient situations: a more detaxled account of these items, for zero pressure 
gradlent situet~ons, may be found in Ref. 1. A lay-out dugram of the wmd 
tunnel is shown in Fig. I. The au, whxh is supplied fmm e. hlGh pressure 
storage system, flows through quxk action and gate valves before entering the 
working section through a settling chamber; It leaves through a subsonxc 
diffuser placed downstream of the second, and adJustable, throat. The rectangu- 
lar aorking section has a constant width of 1 foot and 2s construoted III two 
parts. The upstream section has a flexible steel roof and a rlgld &xm-metal 
floor; the domstream section has a ngld, adJustable, gun-metal roof and a 
gun-metal floor. The side walls of the working section are of steel throughout. 

2. Apparatus 

No apparatus changes were necessary to aohleve the fnvourable pressure 
gradients presented here. The flexible upstream section of the roof and the 
z.nflexib1.e downstream section of the roof wem adJusted to gave the strongest 
possible favourable pressure gradxnt compatible vuth the equpment arxl the 
requirement that the longitudinal statx pressure distribution should have no 
ducontinutu?s. ID the case of the adverse pressure gradlent, hornever, an 
apparatus change was necessary. h thu case the ~~ZYUI&e~~t of the roof to 
give the strongest possible adverse pressure gradamt compatible with the 
equipment implied that a normal shock wave remained Just downstream of the first 
throat and, consequently, that the downstream flow w&s subsonzc. In order to 
overcome this defect, the downstream section of the roof was hmged at Its 
leading edge; this allowed it to smng by approximately loo. Thus, on 
startang, the build-up in static pressure inside the nozzle lxfted the downstream 
portion of the roof to its highest poution an3 enabled the wind tunnel to start; 
once started, the static pressure fell and the hinged roof returned to its lowest 
posltion and the flow to the required adverse pressure gradient. Two pairs of 
single-acting dashpots were pronded to damp the motion of t& roof in both 
directions. 
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For each of the three pressure gradients presented here boundary 
layer trips were provxled in the regxon of the first throat. For the first 
favoursble pressure gradient, a Sallotape trip was us.&; for the adverse 
pressure gmdxd, a half Inch strip of 200/230 carborundum powder was glued 

3 to the floor; 
strip 0f 200/230 

and for the second favourable pressure gradient, a one inch 
cai-borundum was glued t0 the fl00r. 

The instnxnentation was identical 'w that used in Ref. I. In 
addition to a flattened total pressure probe (0.045 inch x 0.006 inch internal 
dimensions and 0.040 inch x 0.002 inch internal dimensions), measurements were 
carried out vnth a round total pressure probe of dimensions 0.012 Inch o.d. and 
0.004 inch i.L 

A novel design of surface tube was used for skin frlctloo measurements. 
Two slots, each 0.16 inch long by 0.004 inch wide were made on e. diameter of a 
-& inch rod +hose end was flush with a standard floor plug. A ramp depression 
of 0.0015 inch maxxnum depth and 0.20 inch long wss made ahead of one slot 
creating in effect a step on the plug surfoce. The slots were connected via 
metal rind flexible tubing to the limbs of e. U-tube water manometer. The pressure 
difference that the manometer recorded was that between the static and essentially 
total pressures immediately .%a,JaCent to the plug surface. 

The surface tube was calibrated in zero pressure gradient against e. 
flontlng element balance (Ref. 1) to obtain a relatlonshlp between the pressure 
difference reacllng and the skin friction. Perlodlc checks of the low speed 
collbrntlon were made in a square pipe. 

3. Experimental Procedure and Results 

3.1 Arrangement of the lon~ltudxnal pressure aistnbutions 

In order to achieve the requirements of the strongest possible pressure 
gradient and an absence of discontinuitles III the static pressure clxtrlbutlon, 
the roof of the Working section was irutially set on the basis of one-dimensional 
lsentropic flow theory with allowance for the boundary-layer displacement 
thxkness. The static pressure dlstnbution along the floor centre line was then 
measured and the roof setting adjusted until .e 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 
am shown in Fig. 3. 

The static pressure dlstrlbutlon for the first favoureble pressure 
gradient con be represented by a smooth cutie from flhhlch, between ports 1 and 11, 
the maximum deviation of en experimental point is 39. The Mach number range 
between these ports 1s 1.8 to 2.4. The static pressure distribution 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 4; between ports 4 and II the Mach number range was 2.7 to 2.15. The 
maxumm deviation of static pressure measurements from a smooth CUPV~ in the case 
of the second favourable pressure @wS.ent was 3% between ports 1 and 10 and the 
Mach numhcr range was 1.8 to 2.45. 

3.2 Fxpermental checks 

The two-dlmensionality of the flow and the repeatability of the 
measurements WAB~PC tested for all pressure gradients U-I the manner described in 
detail in Ref. 1. Flow visualisation using oil; static pressure measurements 
2 to either side of the centre line of the floor of the working section; and 

Preston/ 
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Preston tube mensurements over the centre 10 inches of the working section 
revenled no significant devlotions from two-dimenslonnlity. Measurements of 
total pressure in the aorklng section revealed no significant change over the 
period of time required to complete a run; repetitxon of some velocity profile 
and skin friotlon measurements showed no signiflcanL, difference in the results. 

3.3 Velocity profile and skin-friotlon measurements 

Total pressure profiles were measured at ports 1 to 11 for the first 
pressure distribution "sing the flattened total pressure probe. The resulting 
velocity profiles we shown in Fzg. 7 in compressible law of the wall cc-ordinates, 
(see section 5.5). The corresponding velocity profiles for the adverse pressure 
gradient and the second favourable pressure gradlent are shown in Fig. 8 and 9*, 
respectively, and are discussed in detail in Section 5. 

It may be seen from Fig. 7 thet the boundary inyer was not fully 
turbulent upstream of port 4. A similar sztuatlon is revealed by Fig. 8, although 
a Carborundum boundary layer trip was used. The result3 xn Fig. 9 indicate a 
fully turbulent boundary layer from port 1; in this case 0. longer carborundum 
trip was employed. The values of momentum thxkness and skin friction coefficient 
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 eUownnce for the variation of static pressure normal 
to the floor (see Section 4) and the values of skin frxtlon "sing the calibrated 
surface probe. The subsonic calibration of the surface probe was repeated after 
each pressure gradient to determine of erosion had altered the probe characteristics; 
differences in calibration xmplylng an increase of at most .2$ in the calculated 
values of skin frlctlon, were discovered and considered Insignificant. 

The floating element balance, previously described in Ref. I and used 
in zero pressure gradxnts, was tested in the first favourable and adverse prcosure 
Erad1ent.s. The results are shown in Fig. 15 I" the form of an error plot. 

4. Experlmenta.1 Precision 

A detailed discussion of experimental prec~.swn in zero pressure 
grsdxnt sltuetlons was presented in Ref. 1. The experience gained III the present 
series of experiments has suggested some minor changes to the estlmntes of precxlon; 
these are shown in Table 1 and discussed below. 

The error assessments of Ref. 1 did not include the possible effect of 
non-uniformity of the static pressure bstribution. This could give rise to 
errors up to 0.5% I" u/UG. 

A slmficant source of error in the evaluation of momentum thickness 
wes overlooked in Ref. I; this concerns the uncertainty in determining the outer 
edge of the boundary layer. This is especially slgnifioant for the velocity 
profiles measured in regions having a strong local pressure gradient, sx~ce the 
total pressure tube reading in the free stream of a supersonr~c flow 1s a function 
of local Mach number. The statlo pressure normal to the floor is not constant 
for a supersonic flow with pressure gradlent and, consequently, it is not possible 
to accurately estimate the edge of the boundary layer on the bssls of total pressure 
tube readings. The ambiylties caused by thus factor have been eliminated 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 llach number profxles obtained Rnth and without the allowance for 
variation of stata pressure normal to the floor in favourable and adverse pressure 

_________________--_----------------- ~~d&er$/ 
* 

Tabulated data is avallable on request. 
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gmdionts. The difference between the static pressure ot the wall and at tho edc:c 
df the boundnry layer in the cnse of " typical profile IS of the order 2 to 
although it is of the order iCYA in the region of port 1 for all the reported 

3>% 

pressure (pwtix+ntE, The maximum differences I" u/uc and Sa calculated by the 

3 present procedure and thrrt used in Ref. 1 are 2% and 5$, respectively; the 
average differences are approximately I$ and Z$. This leads to a" "ddltional 
uncertainty of the order 2% in 6=. 

The possibility of total pressure tube errors due to "displacement 
qffect.s" was exploral by repeutug two of the velocity profIle measurements I." 
the second Pressure gr&i.e"t WY.+& the round totul pressure tube. The 
differences were well withln the estunnted experimental error (0.0005 to 0.001 in y) 
and hence errors due to "displacement effects" were considered negligible. 

P St% 

P 

Ptot 

"dUG 

62 

TV (surface probe) 

5 (floating element 
balance) 

Table 1 

summl3.ry of overall errors 

Maximum error 

KL5% 

n 

11 

*i.Y% 

+3% 

21% 

k3.S 

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; fmally, the results of 
the floating element balance are discussed. 

5.1 The first favourable pressure !qadxe"ts 

The variation of the parameter [(&/~J.dp/dx] with distance is show" 

on Fig. 14. [(&/ru).dp/dx] is the ratio of the pressure gredient,term to the 
drag force term in the momentum integral equation: 
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It is evident from Fig. 14thatthe three pressure gradients 
can be described either as mild or moderate and it should be stressed hem 
that with the present apparatus, it is not possible tc obtain signlf~cantly 
stronger pressure gradients. 

It has already been stated IA Section 3.3 that the boundary layers 
dA not become fully turbulent until ort 4 had been reached. The pressure 
gra&ent parameter L(vfi;.P, . ) dp/%c] , plotted in Pip. 13, is a measum 

of the tendency for the flow to relarmnarzse; although not strong enough 
to relaminar~se a fully turbulent boundary layer III the measured region, it 
may be expected that the pressure gradient in the section upstream of port I 
was sufflclently strong to overccme the effect of the boundary layer trip. 
The profiles at ports 1 and 2 bear a strong resemblance to those pksented by 
Michel et al.2 1~1 a strong favourable pressure gradient. 

The distribution of skin friction obtained from surface tube measure- 
ments is shown on Fig. 4a along with Spalding-Chi3 values (for zem pressure 
gra&ent flow at the respective Mach numbers and Rp). The coefficients of 
skin friction show a maximum denstion of 39 from a smooth line with the 
exception of the one at port 6. The discr-epancy 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 inspection of the appropriate velocity 
profiles in log-linear co-ordinates. me values of the measured skin friction 
are lower than the Spslding-Ghi values up to port 6 anl 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 imtial 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 thxkness shown on Fig. 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 1%; this zncrease may have been 
caused by the reversal of the pressure gradient., by local irregularities in 
the pressure distribution, by weak shocks originating from the join in the 
roof, or by the convergence effect due to the growth of the boundary layer on 
the side ne2Ll.s; the first three effects cannot be estimated while the fourth 
can, and in the present ease accounts for nbt more than FA of the discrepancy 
in the section downstream of port 9. 

5.2 The adverse pressure gradient 

The velocity profiles shown in Fig. 8 do not indicate a log law 
region prior to port 4. In addition the profiles teml to deviate from the 
log law between ports 8 and IO where part of the deviation is caused by the 
adverse pressure gradient as seen from Fig. II; at port II the pressure 
gradient becomes favourable and the pofi2.e 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 thsn that 
given by the smooth curve by approximately 796. The values of experimental 
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skin friction coefficient are always less then the Spalding-Chi values and 
III the adverse pressure gradlent regwn by an average of IO& This is in 
accoraance with the expected trend. 

The expel-lmentalvalues of momentum th~cloless shown on Fig. 5 have 
a m&urn deviatwn of 4% up to port IO, 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 favourable pressure gradient 

In this cese all the profiles indicate a logarithmic region, the long 
strip of carborundum having successfully tripped the boundary 1-r. 

The values of skin friction coefficient shown on Fig. 4.0 mdicate a 
maximum deviation of 4% from a smooth curve. The measured values cf skin 
friction are higher then the Spalding-Chi values up to port 4 where the pressure 
g‘adient is strongest and tends to less than the Spalding-Chi values by an 
sverage of 3% in the region downstream. This is similar to what was obsemed 
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 
measurements were made downstream of port 10. 

5.4 The zero pressure gradient results of Ref. I 

The vdws of momentum thxclmess presented in Ref. 1 have been re- 
calculated using the procedure ckscussed in Section 4. In aaaLt1on, 8 small 
error in the half height of the total pressure probe has been corrected. 
Figs. lOa end lob show the recdxxlated velco~ty profiles and Fig. 6 the 
corrected momentum thickness. 

5.5 The law af the well 

The velooity profiles presented in Figs. 7 to 10 are in compressible 
law of the wall co-ordinates (u+,y+). The compressible law of the wall used 
in this report is based on d.xlng length assumptions Similar to those used in 
incompressible flow, i.e.: 

T ( = TV) = Kaya 

and is given by: 

" [+n-~ (a;)J+oge (F) + const. 
T 

where, 

[ 

Y -1 Y -1 
a* Is equal to - rMP 

2 
G 

I( 
l+- l-h!* 

2 G >I 
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Deflnlng u+ as [?[-su? @]] thelawbecomes: 

T 

u+ = A log10 y+ + C . 

A and C are taken as 5.75 and 5.0. respectively, 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 wsll have been presented in Ref. 4 
and commented upon; the present form has been preferred for Its sirpplxity 
and sutability for adubatxc flows (see Ref. 5). 
et al. 6 

Some authors - e.g. Winter 
- however, have used the incompresszble form of the law of the wall: 

u 
- = Aloglo y+ + C ; 
u T 

but it is evident from Fig. II that the difference between u/u, and u+ is 

sxgnficant at higher values of U/UC (and at hi& Mach numbers). The results 
presented in Figs. 7 to 9 may suggest that the incompressible form of the log 
law will gz~ve equally good, if not better, agreement mth 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 .Z$ in the surface 
probe calibration. Thu accounts for part of the disagreement between the 
experinent and the compressible log law. The case for the compressible log 
law is stron& supported in Ref. 5 where a wide range of compressible flow 
data 1s analysed. 

The effect of pressure gradlent on log law Is obtained by assuming 

al dp 
T =T w + Y. -= rw+ o-5- 

aY dx 

and, is given by: 
I dp I 

II+ =Alogio y+ +- 
dp 

-.y+C=A log10 Y' + .- +c; 
4Krw dx 1'6A.ra, dx > 

and tends to decrease the discrepancy between the experiment and the log law 
for adverse pressure gradients Nile increasing it for favourable pressure 
gradmks at higher values of y+ (greater than 100). The use of a slightly 
larger value of C (ssy 5.5) will yield improved agreement between the experi- 
ments ad the law of the wall. 
similar to that used by RottaT, 

This in turn implies that the use of a form 
also based on mxxing length, (where the 

constants A and C are given by 

A = 5.75. (I-O - o-z MJ” 



- 13 - 

c = (1-O - 0.2 MT)+. (5'2 + 5 M,) 

where 
z 

"T' J = T YP 

is desirable. The choice of MT as the variable defining A end C was 
based on the analysis of a small range of hi& Mach number data and it may be 
preferable to replace Mr 8s the independent variable, as suggested by 
Br&hc& , and suitabb redefine A end C. 

5.6 The floating element balance measurements 

Floating element balance measurements in pressure gradicnt.r, are 
presented In Fig. 15 in the form of an error plot (nssuming surface probe 
results to be correct); the results of Ref. 1 are also included. The Fi@re 
shows a lack of oorrelation which may be due to the experimental uncertainty 
in the surface pmbe and the floating element balance measurements LIS vrell as 
the oocur~.~nce of a few feeble measurements among the floating element balance 
results. Brown and Joubertv report the occurrence of secondary forces of up 
to 15% of the local. shear stress with "some" correlation with pressure gmdient 
in flows where the direct effect of the pressure gmdie%lt is only 3;' of the 
local shear stress. This condition corresponds to [dp/dx). D/T ] approximnte- 
ly equal to 0.001 for the floating element balance used in the pro%ent work; 
and it is possible to uee the floatrng element balance to M accuracy of tIx order 
5% in mild pressure gradients (dp/dx. D/rW < O-002). 

6. Conclusions 

1. Measurements of velocity profiles and skin friction in three pre~sum 
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. I a-e found to be of better precision than apparent 
in Ref. I, but the concluszons of Ref. 1 are still valid. 

3. The floating element balance cannot be reliably used in strong 
pressure gradients but is usable in mild pressure gradients to an accuracy of 
5%. 
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also aoknowledges the co-operation of the N.P.L. Aerodynamics Division Workshop 
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