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Characteristics of the Turbulent Boundary Layer with Heat and Mass 
Transfer: Data Tabulation 

This report presents the Measured and deduced data obtained during 
an extensive Investigation of hypersonic turbulent boundary layers 
with beat and aass transfer. The work was spoosored by the Bureau 
of Naval Weapons under Task No. RMGA-42-034/2I2-1/F009-10-001. It 
resulted in a Ph.D. thesis by the author submitted to the Catholic 
University of Aacrlca. Only suamary data were Included in the 
thesis, which was also published as NOLTR 64-99. The present report 
was coHplled after niwerous requests for detailed data fro« other 
researchers in this field. 

The author wishes to acknowledge the efforts of the Aerophysics 
Division of the U. S. Naval Ordnance Laboratory in preparing the 
■aterial for publication. 
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IMTRODDCTIOM 

HOLTR 64-99 (r«f. (1)) suMurind an «ztcnsiT« profr«a of 
turbulent boundary lay«r asasureaanta uadar conditions of boat and 
■as« transfer at a Mach nuabor of 6.7. That report contained MM 
typical Telocity and teaperature profiles as well a« the correlation 
of the boundary layer prof llea in terns of a nunber of paraaetara 
related to tbe beat and nass transfer, etc. In order to aake that 
report acre generally uaeful, It baa been decided to publish In the 
present report the tabulated boundary layer data obtained during 
the course of that project. 

Tbe experlaents were perforaed la the U. S. Maral Ordnance 
Laboratory's Hypersonic Research Tunnel using a Mach nuabe^ 6.7 
unlfora flow two-dlaenalonal nonsle with an exit area of about 
25 z 25 caP. The supply praaaure and teaperature were held con- 
stant during each test at a fixed pressure value between IS and 
38 ataospberes and at a constant supply teaperature of 550 K. The 
control of these conditions Halted the average deviation in nossle 
tenperature to ±1 C and in supply pressure to «0.1 ataospbere. 

The boundary layer aeasureaenta were aade on a porous flat plate 
(aee figure 1) «hieb apanned tbe wind tunnel teat section with the 
tenting surface in the plane of synaetry of tbe two-diaensional 
noscle. The plate had a sharp leading edge (radius of about .015 aa) 
and it had a saooth (about 11 aicroincbes) continuous surface. 
Inserted in the testing surface of the aodel was a porous plate 
about 49 ca long, 18 en wide, and 1.0 ca thick. Tbe porous plate 
was aade of 316 stainless steel powder sintered into cospact 
aaterial with a density of about 43 percent of solid stainless 
ateel. Further detnila are given in tbe original report. 

In order to aake this tabulation of the experiaental data 
acre useful and coaplete, the instruaentation eaployed and the 
data reduction techniques are suaaarised in tbe following sections. 

IM8T&UMEMTATI0M AMD DATA RID0CTI0M 

Pltot Pressure Probes 

The anjorlty of boundary layer Pltot pressure surveys were 
aade using circular stainleaa steel tubing .559 aa in outside 
dlaneter and with an inlet diaaeter of .254 aa. A few surveys 
were aade using rectangular cross section probes aade froa crushed 
tubing. Circular probes were preferred because of tbe greater ease 
in deteraining their position and orientation with respect to the 
aodel. 
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Praasur«« war« aaaaurad with transducer■ with rang«* of 0-1 
ataoaphara   or 0-300 aaHg.    Tranaducara and recording ayateaa wara 
calibrated, before and after each aurvey, againat a mercury 
■anoMter with ±.l wm aenauring accuracy. 

The probes were held in the tunnel by a micrometer-trayeraing 
■echaniaa which allowed poaltioning of the probe with an accuracy 
of .025 mm.    Bach travara« waa aada fro« the free atreaa toward 
the plate.    Wall contact, uaad to evaluate abaolute distances fro« 
the wall, waa indicated by the ooapletlon of an electric circuit. 

Pressure Data Baduction 

The HACA tables (ref.   (2)) were used to coapute the Mach nuabar 
fro« the «easured Pitot preaaure and th« atatic pressure which waa 
aaauaad constant •acroaa the boundary layer and equal to the aaaaurad 
wall atatic preaaure.    Wall atatic pressures were «easured by 
orificaa in the poroua plata aurfaca through which stainless ateel 
tubing (0.635 ■■ I.D.) waa inaerted flush with the testing surface. 
An oil «anoaeter was used to «eaaura the atatic pressure with an 
accuracy of al percent. 

Th« aurfaca shear atreaa «as calculated by taking the slope of 
the Mach nuaber distribution at the wall and «ultiplying this by 
the Telocity of aound and wiacosity of air evaluated at the «easured 
wall teaperature.   The wall teaperature and heat flux were obtained 
fro« teaperature «eaaureaenta «ade with iron-conatantan theraocouplaa 
iabedded in the poroua aaterial at each teat atation.    Four therao- 
couplaa ware located at each atation at various depths fro« the 
aurfaca.    The tberaocouple nearest the surface waa 1.27 «a beneath 
the surface.    Together with the known location of the others, 
extrapolation of the teaperature diatribution to a surface value waa 
felt to give reliable results. 

Teaperature Meaaureaenta 

The equilibriu« teaperature probe (ref.  (3)) was developed to 
aeaaure the boundary layer teaperature profilea for the«« experlaenta. 
It oonaiata of a 10 degree angle cone of platinua aupported by a good 
tharaal insulator.   The cone is aounted on the traveraing «echanisa 
with ita axia parallel to the flow direction.    A tberaocouple 
aeasured the teaperature of the cone «hieb ideally should equal the 
adiabatic wall teaperature.    Sufficient run tiaa was available in 
the MOL Hyperaonic Tunnel to allow the probe to cone into theraal 
equilibriua before each aeaaureaent was «ade.    A aeoond theraoeoupla 
in the ceraeic insulator allowed the «easured cone teaperature to be 
corrected for conduction loaaea.    The data were recorded oa atrip 
chart racordera which aade continuous «onitoring of the teeperaturea 
poaaible. 

Teaperature Probe Data Reduction 

A recovery factor for the probe was co«puted for each survey 
while the probe was in the free streaa where the flow and tenperatura 
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oondltloM w acoiurfttaly known.    It was ansiiMd thnt th« rneownry 
factor roaainod constant thsrsaftsr for that nurvsy.    Thus It was 
possibl« to caleulats tho local total tesporatur« In ths boundary 
layor fro« tbs con« adiabatic wall tsnpsraturo nsasurenent, tho 
assuMd rsoovory factor and noasurcd Mach ntuibor.    Sine« toaporaturss 
wars not always Bsasursd at tbs SUM location as tbs prsssurss, an 
interpolation vas wads bstwssn tsaporature data points to obtain 
tbs to^sraturss oorrsspondlng to ths Mach nuabsr data points. 

Msat transfsr rates to tho »odel surface wsrs calculated fron 
tbs slops of the total tenpsratur« distribution interpolated to tbs 
surface tewerature and ths thereal conduetiwity of air.    This pro- 
cedure supplenaats tbs beat transfer obtained froa the teaperature 
distribotioa within the aodsl wall. 

In calculating Staaten nuabers. ths adiabatic wall tsaperatures 
ars required to ootaia the latter for the aero aaaa transfsr casss. 
It was assuasd that the reoorery factor equals ths Prandtl nuaber 
raised to the one third power where wall teaperature was used to 
evaluate tbs Prandtl nuaber.    In the aass transfer <>•■" the rscowery 
factor ratios (l.s., recowery factor with aaas *"»■«•» "T";d b* 
ths asro aaaa tranafer rseorsry factor) obtained by Leadon and 
Bertis (rsf.  (4)) were used. 

TEST COHDITIOHS 

As indicated earlier, the tests were run using a noainal Mach 
nuabsr 6.7 noasls.    Howew», local Mach nuabers at the boundary layei 
edge were so-ewhat leee becauee ot leading edge shock ••»•*«•••• 
and boundary layer flow field interaction;  the latter waa • ■1«ni"- 
cSit offect in the aaaa transfsr casss.    Tbs supply teaperature was 
held constant at 5500K,  while the supply preaaure was rarisd 
StwsS 15 and 38 atao^beres.    Thus,  the unit Reynolds nuaber 
war lad froa 8 to 19 a 10* per aeter. 

rS!SSöldi Sulber - 2.6 a 10*).    Three wall teaperature ratioa (T-/T.) 

««lot in the high eujply preaeure casee where the aaaiaua injection 
"tl Jai abSt o"l pScJnt of th. free-.treaa aaaa flow. 

ARRANGEMENT OP TABLES 

Th. Mneured and deduced boundary layer data are J*«"nt«* " 
aua-a" tUS"; con"lnlSg the detailed profile data.    Two suaaary 
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tables precede each set of profile data obtained for specific test 
conditions, I.e., P0,  and T /T., and various values of C , as shown 
in the following tabulation. 

Table                 P0*            T ZT.*                 C * Profile Data 
Ho.                   at«             w    0                    q Table Hos. 

1 fc 2                     IS               4.1              0                   4 3 
9.09 n 10:4 t|iroug|l 

17.0    x 10 
25.0    x 10*"* 23 

24 k 25 15 5.2 0 -4 

24.6    x 10'* 42 

43 fc 44                15               7.6              0                   A 48 

8.68 x 10"T ♦K-««-K 
16.2   x lo"! throa«b 
24.4    x 10"* 52 

53 fc 54               38              7.6             0                   . 55 
3.7    x 10 4 through 
7.25 x 10"* 

10.13 x 10 * " 

59 h 60 38 4.1 0 . 61 
4.12 x 10 A ♦I,-«..-K 
8.17 x 10"f through 

12.1    x 10"* 67 

*Ths waiuss of P0, Tw/Ta, and C   are awsrags   or aoaiaal waluss for 
those quantities for th« purpose of identifying the tables—the 
precise values are listed in the tables for each of the surveys 
carried out. 
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