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ANSTRACT

Lt rojport jresents the rosulis of Lhe Protuberance Henting Tergt, Progiram,.  Fone
poneral protuberance shajes on a (lat jlate were tested. Trosenboaid i and

Ay juation of the data both on the protuberance and in the wake.regions are ma‘le.

The test jrogram is an extension of the General Protuberance Heat Transfer Teut.,
The s lditional series of tests was conducted to define the extent of wake heating

and to assess the effects of Reynolds number variation on heating both on and

around the protuberances.

The protuberance models were mounted near the forward end of a six-foot instru-

mented test plate with stringers that simileted interstage and skirt structure

of the Saturn S-IVB stage.

The tests were performed at Mach numbers of 2.49, 3.51, and 4.44. Reynolds
numbers per foot of 3 x 106 and 1.5 x lO6 were used for the two lower Mach
numbers and 3 x 106 for & Mach number of 4.h4. The test Mach numbers simulated
the Saturn S-IVB flight conditions during the most severe aerodynamic heating
reriod. The test Reynolds numbers were somewhat higher than the flight values,

but lower values could not be used because of tunnel and instrunentation

limitations.

0il1 flow runs were made on two representative models at various combinations of

Mach number and Reynolde number to help define the extent of wake heating.

rme iata are presented in the form of ratios of local heat transfer coefficient

to Clat rlate (with atringers) heat transfer coefficient in undisturbed flow

(hc/h ).
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The results of the test show that wake heating effects are stlll present

25 diameters downstream of the body. It is not kpown at this time where normasl
flat plate heating returns. The results also show thet wake heat transfer
coefficient ratios (hc/hco,e) increase with increessing Mach number and also
increase with decreasing Reynolds number. The disturbance effects in the wake

region are shown to be dependent on protuberance size within the boundary layer

and on the bluntness of the afterbody.

Wake heating date on a smooth plate (without stringers) are included. These runs

were not specified in the test plan; therefore, calibration of the smooth plate

was not performed.
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PREFACE

The Protuberance Heat ing Test Program was conducted for the George C. Marsholl

Space Flipht Center under Contract No. NAS 7-101. The test program was requested

vy Engineering Change Proposal No. X066. Authorization was made by Change

Order 558. The Test Plan was presented in Reference 1.

The three phases of testing (calibration, wake heating, and oil flow) were

successfully completed with the accomplishment of all primary and secondary

objectives specified in the test plan.

The information obtained from these tests supplements the information gained

from the General Protuberance Heat Transfer Test (Reference 2) that was per-

formed in April, 196k,

This report is the presentation and evaluation of the dsta obtained from the

Protuberance Heating Test Program.
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1,1 The Protubernndo Hoatdng Popt 'rogrom
L—-——-——*:——:—-———-—————-———'———__——— e

Following tho ot sortop of (epoend Protubepnnee Nand, Penpntor Toate
(Heferonece ¢) ut the Langloy Rapoenreh Contoer, Unitary Pann Wind Tupnel,y 1
beeume sppurent thob uldltionol teots would bu desiruble to furthor defline
thu effects of wuhke heuting und to determine the viteets of* Reynoldy number
variotion on heating both on und around protuburuncci. The p rlous iuraet
of wind tunnel tests hed glven wake heating dutu up to ten pr fubere e
diameters downstream where heuting effects of the ord - "1 iee normul

flut plate heating were geen o exist.

1.2 Test Objectives

The primary purpose of this test was to define the wake heating region behind
various shaped protubsranrces 80 that structural temperatures and insulation
requirements for Saturn stages could more accurately be determined. Second-
ary objectives were to define the effects of boundary layer {mmersion on
protuberance forebody heating, assess the effects of Reynolds number varia-
tion on heoting both on end around protuberances and determine flow field

put terns using oil fiow techniques.

The four model configurstions tested (figures 1 und 2) were chosen to most

nearly satisty the gpecified test objectives.




1.3 PFacility Installation and Schedule

The four test models and test plate were the same as those used in the
General Protuberance Heat Transfer Test (Reference 2). The plate was
installed on the tunnel door as had been done for previous testing (Ref=-
erences 2 and 3). To effectively lengthen the instrumented wake heating

region, the following modifications were made:

a. The model attach point was moved forward to the back-up plate,
36.4 inches from the original position on the test plate.

b. The stringers were extended 24 inches forward of the test plate
onto the tunnel sidewall.

System continuity checks revealed that approximately 30 percent of the

thermocouples were inoperative. Corrosion of the iron wires of the thermo~
couples during the one~year storage period between tests was responsible for

the failure of the temperature sensors. All of the test plate and model

thermocouples were reworked to insure the integrity of the instrumentaticn

system.

The test plate was installed in the tunnel on 23 July 1965. Testing was

started on 26 July 1955, and completed on 29 July 1965. The test models

and stringers were removed from the tunnel and shipped back to Douglas,

1

W Santa Monica. The test plate was left at the Unitary Plan Wind Tunnel.

¥
3
*.

- T

The entire Protuberance Heating Test Program proceeded very smoothly from

>

py

e T N

the time of model delivery and test setup through the completion of testing.
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TEST PROCEDURE

The instrumented test plate used in the previous series of tests was
installed flush on the tunnel sidewall. The various models were attached

to the forward end of the plate for testing (figure 3).

The method used for determining heat transfer coefficients (Reference 4) is
ontlined in detail in the Appendix. The method basically consisted of
determining the heat transfer coefficient as a function of time by messuring
the transient wall temperature (outside skin of the test plate) during a
period in which the wall temperature was increasing. The total temperature
differential for heat transfer testing was obtained by bypassing the tunnel
cooling system. The rise in total temperature took place over & period of
several seconds and was dependent on the Mach number. As the total tempera-
ture rose, the automatic data -ecording system was activated. The thermo-
couple readings were recorded after the peek total temperature was reached.

Typical heat bumps for the three test M~ch numrers are given in figure b.

MODEL, DESCRIPTION

3.1 Test qugg

The test plate was a flat lam’unated plate 60 inches long and 40.75 inches
wide. as shown in figure 5. 1t consisted of a 0.047 inch stainless steel
(347 cres) test surface insulated by a 0.375 inch thir:k'hexagonal fiberglass
honeycomb section bonded to a 0.125 inch stainless steel (347 cres) waffle

backing plate. The plate was mounted flush with the tunnel wall on the
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access door of the test section and was instrumented with 123 thermocouples

and 12 pressure orifices.

3.2 Stringers

Ten removable stringers of sheet laminated phenolic, a material of low
thermal conductivity, were spaced 2 inches apart (on centers) on the test
plate surface. The stringers were 0.5 inch square with leading and trailing
faces scarfed at an angle of 30 degrces with the plate surface., The
stringers extended forward approximately 24 inches from the leading edge

of the plate and were attached to the tunnel sidewall. Two of the stringers

were channeled to allow for the routing of the model instrumentation wiring.

3.3 Models

The models were electroformed shells of nickel, 0.040 inch thick, with
laminated phenolic bases for insulation. The following four models, shown

with instrumentation locations in figures 6 through 9, were used in the

test:
Forebody Centerbody Centerbody Afterbody
Model No. Angle Height, Cal#¥* Length, Cal¥* Angle
2(M) 15° 1.0 2.5 300
5 (M) 159 1.0 2.5 90°
9(4,) 300 0.5 0.5 309
10(M, 1) 30° 2.0 2.0 300

¥1 caliber = 5,0 inches
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3.4 Instrumentation

Temperature measurements on the models and test plate were obtained as a
function of time by means of thermocouples. The thermocouples were iron-
constantan potted with pure tin into 0.030 inch diameter holes. The wires
were insulated with No. 26 gage nylon. Pressure taps on the plate were

0.0625 inch 0.D. by 0.012 inch wall stainless steel tubing.

Table L presents the locations of instrumentation for the plate and models.

Dimensions are given in relation to the model attach point.

RUN SCHEDULE

The Protuberance Heating Test run schedule is presented in table 2.

The tunnel conditions (total pressure and temperature) measured after the

heat bumps are listed for the various Mach numbers and Reynolds numbers:

" Reynolds-gumber Pp T

ach Number x 10 psfa fﬁi
2.49 3.0439 3225 720
2.49 1.5727 1659 L7
3.51 2,943k 5373 713
3.51 1.289% 2356 712
bbb 3.1085 8657 683

O G O e I vl

I
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RESULTS AND DISCUSSION

5.1 Calibration Runs

The calibration data obtained from the flat plate with stringer configura=
tions are given in figures 10 through 15 for the various combinations of
Mach numbers and Reynolds numbers tested. The deta from three calibration
runs fur the flat plate without stringers are included in figures 16, 17
and 18. These data are taken from the General Protuberance Heat Transfer
Test (Reference 2). They are used as reference values to determine the flat
plate heat transfer coefficient ratios with Model No. 9 on the smooth test
plate (Runs 6-4 through 6-8). Calibration runs were made only on the test

plate with stringers since all of the scheduled protuberance runs specified

that configuration.

5.2 Wake Heating Runs

.

5.2.1 Heat Transfer Data for the Test Plate (hy/hgo,s) and on the Models (he)

Heating effects both on the model curfaces and on the test plate surface in
the wake region are presented in r:rmel view layout in figures 19 through 56,
Pressure coefficients on th: test plate are also given for the entire range
of Mach numbers and Reynolds numbers tested. The heating data on the models
are presented in terms of local surface heat transfer coefficient, hc. The
heating data in the wake region are given as the ratio of surfuce heat

transfer coefficient to flat plate (with stringers) heat transfer coefficient,

(hc/h ).

co,s

)
i
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Wake henting and preasure coeff'lcicnt dato arc preasented in figures 57
through 61 for Model No. @ on the amooth test plate, These five runs were
mude Lo provide supplementary data, The data from the runs made ot the hipgh
Reynolds number (3 x 106/ft) are presented in terms of hc/hco with the
reference vnlues of hco taken from the data obtained during the General
Protuberance Heat Transfer Tests (Reference 2, Runs: 1-1, 1-2, and 1-3).
The dats from the runs made at the low Reynolds number (1.5 x 106/ft) are

presented as hg.

It is noted that the heat transfer coefficient ratios tend to be somewhat

higher in the wake region for the smooth plate without stringers.

5.2.2 Wake Heating Along the Protuberance Centerline

A presentation of the wake heating date along the centerline of the

protuberances showing the effects of Mach number and Reynolds number is made
for the four models in figures 62 through 65. The data are presented in the
dimensionless form of hc/hco g versus x/d (distance behind the protuberance/

*

protuberance diameter).

The size of the test models and stringers with respect to the boundary layer

thickness (z/6) simulates the range of Saturn vehicle protuberance z/6&'s.

The test Mach numbers correspond to the local Saturn V/S-IVB flight values
during the period of significant serodynamic heating. Test Reynolds numbers
are suhstantially higher than the flight velues through most of the aero-

dynamic heating regime. Tunnel and instrumentation limitations prevented




n clogeor simulation of Reynolds number,
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It has been determined from the test data that h /h

g in the wake region
b

after the point of flow reattachment generally varies directly with Mach

number and inversely with Reynolds number., The local Reynolds numbers on

the S-IVB stage are from 15 to 85 percent lower then the lowest test

8

Reynolds number (Re = 10 or Re/ft = 1.5

X 106) at the time of maximum

aerodynamic heuting, Using a linear relationship, this represents a

5 o0 20 percent increase in hc/hco . The divergence between flight and
b

[e)
0

test Reynolds numbers increases after the point of maximum aerodynamic

heal,ins; however, the percentuge increase of hc/hco 5 (vetween the high and
b

s
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low test Reynolds numbers) diminishes with Increasing Mach number. The

extont of Lhe lLncrense 1n hc/h(‘0 g due to flight eaud test Reynolds number

ad 9
variunkion over the entire aerodynamic heating repgime can only be estimated,
As an example, the Saturn V/S-1IVB hc/hco g values would be increased % to

9
20 percent (depending on the location being analyzed on the S-IVB stage)

over the values determined at M = 2.49 and Re/ft = 1.5 x 106.

Additional wa<e heating data at Mach numbers 2.4y and 3.51 would be useful
in order to better determine the extent of the increased hc/hco s due to
b

Reynolds number reduction,

5.2.2.1 Model No. 9 (M, + Pl)

It can be seen in figure 62 that the hc/hco s ratios reach a maximum value
b

just aft of the conical afterbody of Model No. 9. The decrease in hc/hco s
?
is small for x/d greater than 10. At M = L Lk, heating up to 1.6 times the

flat plate value still exists 23 diameters downstream.

The trend of increased hc/hco,s with en increase of Mach number and a
decrease in Reynolds number is apparent. However, it is noted that as the
Mach number increases, the incremental rise in hc/hco,s due to the Reynolds

number variation decreases.

5.2.2.2 Model No. 2 (Mp + Py)

Contrary to the trend observed for Model No. 9, there is & sharp decrease in
hc/hCO,s with Mach number just downstream of the afterbody of Model No. 2
(figure 63). At approximately three diumeters downstreem, the heating

approaches flat plate values for M = 3.51 and L.4h, At six diameters
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downstrecam, the heating appronches the same direet relationship to Mach

number ap was ohserved wilth Model No. 9.

The variation in hc/hco o between Model No. 9 and No. 2 rcgults from the dif-

1]
fesrences of protuberance helght (z) and boundary layer height (6). For Modcl
No. 9 and No. 2, 2/6 = 0,42 and 0.83, respectively. Data from Reference 2

have shown that forebody angle hag little effect on wake heating.

5.2.2.3 Model No. 10 (M10 + Pl)

Values of hc/hco s peak directly behind the afterbody of Model No, 10 in
’
inverse relation to Mach number (figure 64). At 3.5 diameters aft, the

direct relationship of Mach number to hc/h exists as was noted in the

co,8s

previous models, It is noted that the hc/hco s increase due to the
b <

reduction in Reynolds number (Re/ft = 1.5 x 106) approaches 25 percent
for M = 2,49, but the incremental increase of hc/hco s diminishes as the
b

Mach number increases.

The effect of protuberance height on the magnitude of wake hc/hco s is
3

apparent, Values of hc/h in the wake region behind Model No. 10

co,8
(2/6 = 1,66 inches) are up to 150 percent higher than the values in the

wake region of Model No., 9 (z/6 = 0.42).

5.2.2.4 Model No. 5 (M5 + Pl)

The heating in the separated region directly behind the blunt afterface
of Model No. 5 (figure 65) is as low as 20 percent of flat plate vulues.

The pressure returns to freestream values at 3 to 4 diameters downstream

By |




necompanied by nn increase in wake henting, The direct reclationshlp of
ho/h(,o»G to Mach number exintns after one dlameter downstronm, but the
heating leovels for the varioun tept parametern are somewhat lower than

thogse for the conlenl ofterbody conflguratlons,

5,2,3 Lateral Vuriation of h(ﬂ/ll(‘o 4 in the Wake Rerlon

Ll

The lateral variations of hc/hco,s in the wake region (figures 66

through 69) show the effects of Mach number and Reynolds number for the
four model configurations. The profiles of hc/hco,s are given as functions
of x/d and y/d (downstream distance/model diameter and lateral distance
from centerline/model dismeter, respectively). It is noted that the
1ateral disturbance patterns vary inversely with z/6 (model height/
boundary layer height). This is particularly evident at the highest

Mach number,

5.2.3.1 Model No. 9 (Mg + Pl)

Phe disturbed heating effect in the wake region of Model No. 9 (figure 66)
18 restricted to a relatively narrow width (y/d < 1) for the test Mach
numbers of 2.49 and 3.51. ‘Tlhe disturbance pattern widens substantially

ut the hiphest test Mach number, L bk, and appears to extend beyond the
lateral limits of the instrumentastion in the woke repgion up to 16 diameters
downstream, For y/d grester thun one, the ef'fect of Reynolds number on

h /h is neplipible, ¢
e COLW 4

n




5,0v3.2 Modol No, 2 (MB + Pl)

Tho diptuwrbed heoting otfeet In Lhe wnke reglon of Model No, & extendn
npproxiuntoaly 2.5 diamoters latornlly from the modol eentorline for all
Mach numbors (Cheare O7). The roduetlon In Reynolds number (from

Re/ft = 3 x ¢o“ Lt LY x iu“) pgenerally results dn oo omell Inercase in

h /h
c/ o,

5.2.3.3 Model No.o 10 (Myg + Py)

The disturbance pattern in the wake region of Model No. 10 is contf'ined

to approximutely one model diameter from the centerline for all Mach

numbers (figure 68). The increase in hc/h
6

with reduction in Reynolds
CO,8

number (from Re/ft = 3 x 10 to 1.5 x 106) is more apparent for this

model than for the smaller models (Nos. 9, 2, and 5).

5.2.3.4 Model No. 5 (M5 + Pl)

The lateral dimensions of Model No. 5 (figure 69) are the same as Model
No. 2. The heat transfer coefficient ratios Just behind the blunt after-
face are low as noted in the discugsion of hc/hco,s along the centerline
(Section 5.2.2.4)., The heating ratios generally increase with a reduction
in Reynolds number (Re/ft = 1.5 x 106). As in the case of Model No. 2,
the disturbed heating puttern diminishes ac¢ approximately 2.5 diameters

from the centerline.
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G,2. 0 Hentlng Effectn on Lthe Burfnenn of Protuberancan

Tho hent, trannfor coofflelont entio Al ptributionn both rnxlally nlong tho
conterline of the modeln nnd ot vorloun Lontrumentod eronp-pectionn are
progented for the four models in lguren 70 through T4.  The axinl
Alotributions of h@/uce'” ara plottod vorous tho dimenolonlasn poramotor x/8
(stotion dictance {rom the forebody tip/tﬂbul protuberanece length) for oll
test Mach numbers and Reynolds numbers, The erose-sectional plots of
hc/hco,s verous z/b are presented for all Mach numbers at Re/ft = 3 x 18
at instrumented points on the forebodies, centerbodies, and afterbodies of
the models. 1t Lls noted that hc/hco,a on the surfaces of the protuberances

{ncresses with increasing Mach number and also increases with decreasing

Reynolds number as wes the condition in the wake reglon.

The hest trensfer data on the surfaces of the models are presented in the
form of ratios of heat transfer coefflcient on the model surface to flat

plate (with stringers) heat transfer coefficient (hc/hco 8). This method
3

of presentation is intended only for the purpose of comparison between models

and a given set of flow parameters. It is not suggested that the hc/hoo 8
3
values be used to determine the heating rates on the surfaces of protuber -
ances. Analytical studies (unpublished internal reports) using the hc/hco .
L]

values on the protuberance surface heve resulted in poor correlation.

5.2.4,1 Model No. 9

It is seen in figure 70(a) that heating on the forebody increases with
increasing z/6 as expected. However, it would be expected that heating at

the forward end of the centerbody would be somewhat lower than at the aft

13
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and of the contarbcdy, It onn be aeen from the data that apparently thn
hanting wan much hipghor at the Torward end of the centerbady. Taanupe of
thin poeculiny trend 1n the dntn, 1t wnn auapoaeted that two-diwenatonal hoal
trunfop affoctn for thle amall model wore algnifleant,  ¥rom nu oonlynin, L
hao boon dotormined that a swbastontial amount of heat was conductad from the
hot Torobody to Lhy pelativoly cool forward soction of the semterbody., 'Phio
condition resultod in a eenterbody okin temperoturo rice (AT) tint wao
greater than would occur from one dimensional convective wvorodynumic heating
alone. The same type of econduetion effects occurred at the forward end of
the aftervody, L.e., recelving heat from the centerbody. The effects of

conduction were the most prominent on Model No. 9 which was the smallest

model tested.

The heat transfer coefficients calculated from the temperature response
(see Appendix) of the thermocouple do not include the effects of conduction.
The heat transfer coefficients in the areas discussed have been adjusted to

account four the conduction eff'ects in Model No. 9 (Section 5.5.1.1).

The heat transfer coefficient ratios (hc/hco a) generally vary directly with
b

Mach number and vary inversely with Reynolds number.

Distribution of hc/h along the model periphery at various stetion planes

co,8
are given in figure 70(b). The heating gradients are large on the high
heating areas of the forebody due to immersion of the surface in the
boundary layer.. The heating ratios are essentially constant for each Mach

number at the aft portion of the centerbody. A smell reverse heating

gradient occurs on the afterbody.

>
»4
>
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5.0,0,0 Model o, 7

e

The “n/“vn.ﬂ vidnon o Lo Poeabody ot Model Na, 2 (rigen TI(R)) nra
pomewhnd, hipher thon Lhope on Moded o, 9 (PLmiea 1O (n)) and are oyor
aovon Llwon Lhe Pt plale vaduon ko 8 ke An ogpeetod, the hont Loy on
tho Povotoady 1o dopondont on bhe Parehody nuetoeo angla nnd bho dameraton
i Bhe boundnpy doyer,  Modol Noo 2 huo o Copabody angle of 19 doproes
Lo approximtuly 89 pereent o Lhe boundary ioyer holpht, Madel No. 9 hno
n Porebody angle off 30 depteecy nnd e npprozimotely e pereent of the
boundury loyer heipht. ''he compenvebing etfeels of' Yorebody ongle and
pboundary loyer immerslon on hc/hCO’D can be veen by comparing the two models
ab each Mach number. The hc/hco.u volues show the usual dirvect relotion-
ship to Mach aumber and inverde relationship to Reynolds number except on
the afterbody. Here the inverse relationship to Mach number is noted. The
ho/hco,s values approach 1.0 as x/f approaches 1,0. Conduction effzcts
along the surface of Mc =l No. 2 are not as apparent as was noted for

Model No. 9. 'The thermocouples are located o greater distance from the
Juncture points making the conduction effects less pronounced. The hc/hco,s
protiles along the centerline of the model are essentially those that would
be expected except at the af't end of the centerbody. Theoretically the
heating on the centervody increases in the aft d’rection. Conductive heat
losges from the aft end of the centerbody into the relatively cool after-
body result in heet troncter coelt'lclents that are somewhat lower than

would be expected. .

Distributlion of hc/hco s along Lhe model periphery ot tive stucion locations

are plven in figure 71(b). 'The heating gradients LA (hc/hco late/s )]
,O
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vary dircctly with Mach number except on the afterbody. The effect of

boundary layer immersion on hc/h s is most pronounced on the forebody.

co,

The hc/hco s values &t the forward end of the afterbody are approximntely
9

equal to those on the afterface of Model No. 5 (figure 73(a) and T3(b))

that is located in a region of separated flow. This similarity would

indicate that flow separation is occurring at the forward end of the after-

body of Model No. 2.

5.2.4,3 Model No. 10

The heat transfer coefficient ratios on the forehody surface of Model No. 10
(figure T2(a)) are highest where the surface extends outside of the boundary
layer (x/f = 0.35). The heating on the forebody decreases with immersion

in the boundary layer.

The hc/hco s profiles along the centerline of the model are in agreement
b4

varies directly with Mach number

with theory. The magnitude of hc/hco,s

and inversely with Reynolds number on the forebody and centerbody. On the

afterbody, the upposite condition exists. The hc/hco s values approach 1.0
b

as x/l approaches 1.0 (except for M = 2.49 and Re/ft =3 x lO6 where the

hc/h alue approaches 2.0).

co,s

Distribution of hc/hco e along the model periphery at four station locations
b

are given in figure T2(b). Large hc/h gradients exist .n the forebody

co,s

and are in direct relation to the Mach number. The variation in hc/hco s
b

around the periphery of the centerbody and afterbody is small.

A\ - — v R i e e s




5.2.4.4 Model No. 5

Ghg 4w o=

The axial and cross-sectional distributions of hc/hco g for Model No. 5 are
3

given in figures 73(a) and T73(b), respectively. The Model No. 5 forebody

T

43 B

b end centerbody configurations are the seme as Model No. 2. Heating profiles
- in these areas are similar to those of Model No. 2 (see Section 5.2.4.2)

S

[
1.

considering the variation in tunnel flow parameters.

T

i The heat transfer on the afterface is from 20 to 50 percent of flat plate
P values as would be expected.
7 5.3 0il Flow Runs
G :
The oil flow phase of the test was conducted to determine flow field patterns
%% that develop in the wake region behind a protuberance. The oil flow patterns,
o - although not a sensitive indicator of all the flow pa;ameters affecting the
lg. % heat transfer, were expected to delineate the flow boundaries and possibly to
é indicate the types of flow involved in weke heating. Two model configurations
j? (No. 5 and No. 9) were tested on the smooth plate without stringers at various
—é- : i% combinations of Mach number and Reynolds number. The testing was conducted on
J{g:fift - the smooth plate because it was believed that the oil flow patterns would not
éi.t‘;i L& develop clearly on the irregular surface of the plate with stringers. Further,
1 ? éﬁ i previous test data (Reference 2) indicated that stringers have little effect
A? -i = on wake patterns.
j’(. - [ 5.3.1 0il Flow Photographs '
! S
{; l 0il flow photographs of the wake region behiud the two model configurations
_;E ,: were obtained by means of a wide-angle-lens camera. The oil flow technique
lg ’ » ( (Reference 5) consists of coating the test surface behind the protubersance
R
a4
i : li 17




with a high viscosity oil. The oil has a fluorescent dye in suspension
that becomes luminescent when exposed to ultraviolet light, making it

possible to observe the formation ¢f the wake patterns.

5.3.1.1 Model No. 9 (MQ + P2)

Figures Th through 7T show the wake patterns behind Model No. 9 for the

three test Mach numbers. Oil flow patterns were taken at Re/ft = 3 x 106 0

and 1.5 x 106 for M = 2,49 (figures T4 and 75, respectively). Oil flow tests

et M = 3.51 and 4.44 were r'n only at Re/ft = 3 x 106 (figures T6 and TT,

respectively).

The wake asymmetry noted in the photographs indicates some cross flow in the

tunnel sidewall boundary layer. Also, the asymmetry may be partielly

attributable to the oil pattern sagging on the sidewall (gravitational

effects) for the lower flow rates at M = 3.51 and b, Lk,

The wake patterns at M = 2.49 appear to be very similar for the two Reynolds
numbers except in the area directly behind the afterbody where a darker D
(scrubbed) surface appears for the lower Reynolds number. A somewhet higher
‘ﬁfﬂ heating rate is associated with this region. The dark region near the tip
;ﬁ{ of the model afterbody is an area of high pressure and is also accompanied
' by an increase in heating. The lighter area forward on the afterbody is a

,ﬂ} region of low pressure associated with a low heating rate.

The oil flow patterns teken at M = 3.51 and 4.4k4 ere similar to each other
and are somewhat narrower than the patterns observed at M = 2.49, This

trend of wake narrowing with increase in Mach number is reversed from the
trend of the heating profiles where it was observed (Section 5.2.3.1) that

the lateral disturbance effect increases with Mach number. ?

%
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5.3.1,2 Model No. 5 (M5 + p2)

The upstream and downstream portions of the wake at M = 3,51 and Re/ft =

3 x 106 are shown in figures 78 and 79, respectively. The formation of the

highly separated region behind the blunt afterbody is readily apparent. The
existence of eddies on the test plate directly behind thcz model is visible.

The maximum width of the observed wake is approximately 3.5 model diameters

compared to 4 diameters for Model No. 9 at the same tunnel conditions.

5.3.2 Heating Profiles Compared to Observed Wake Patterns

The lateral heating profiles, hc/hco,s’ are superimposed on the associated
oil flow wake patterns in figures 80 and 81 for Models No. 9 and No. 5,
respectively. The disturbance area is confined to the observed wake region
behind Model No. 9 at M = 2.49, However, the high heating region is seen

to extend laterally well beyond the observed wake at M = 4 L4k,

The observed wake pattern behind Model No. 5 (figure 81) generally corresponds

to the disturbed heating profiles.

5.4 Pressure Coefficient Distributions in the Wake Regions

Pressure coefficient (Cp) profiles are presented in figures 82 through 85
for the four models at all test conditions. These profiles are developed
from data obtained from a row of pressure taps running the length of the
test plate between the second snd third stringers (from the centerline).
The geometrical relationship of the pressure sensors to the wake regions of
each model varies. Therefore, the profiles cannot be directly compared to

each other.




[

It is noted that freestream pressure (Cp = 0) essentially exists fiom 3 to
6 diemeters downstream of the models. The negative pressure coefficilents
that appear at the rear of the plate are possibly due to faulty calibration
of these sensors. This negative Cp condition exists on the calibration

runs also. Previous tests using the same configuration do not show this

negative Cp condition to exist.

A low pressure region (negative CP) is observed 1 to 2 diameters behind

all of the models except Model No. 9 (figure 82) where data are not obtained

until 4.5 diemeters downstream.

It can generally be stated that the absolute values of the pressure

coefficients:

a., Vary directly with Mach number.

b. Vary inversely with Reynolds number in the low pressure
regions.

e. Vary directly with Reynolds number in the high pressure
regions.

5.5 Data Repeatability and Accuracy

The means for determining the repeatability of the data are limited due
to most of the instrumentation on the test plate belng located in disturbed
air flow regions. The comparison of heating rates on surfaces of protuber-
ances that have the same forebody angle end height (figures 71 and T3) show
good repeatabi’ity considering some variation in tuunel flow paremeters.

A good indication of the repeatability of the data is obtained by comparing

o

o®

e




v the heating profiles ‘n the wake reglons at constant Mach numbers and
i varying Reynolds m:mbers (figures 66(b), 66(c), 67(b), 68(b), 68(c), 69(b)

and 69(c)). The published accuracy limits (Reference 6) for determining

'jff o heat transfer coefficlents in the Langley Unitary Wind Tunnel Facllity are:
‘ gf CORRESPONDING
AR TEST PARAMETERS
E gj HEAT TRANSFER COEFFICTENTS Mach
v (BTu/sec-fte-OR) ACCURACY Number Re/ft
g ff >0. 0150 +10% 2.k9 3% 107 ‘
3 4
0.0010 to 0.0150 +15% 2.49 1.5 % 1o6
: 3.51 3.0 x 106
<0.0010 20% 3.51 1.5 x 106
b 3 x 16°

The instrumentation used for measuring pressures has an accuracy of 1 percent
i of full scale (720 psf). The possible pressure error of 7.2 psf is
| unaffected by Mach number. However, the error in pressure coefficient

Coed depends on Mach number as follows:

?f{fégﬁ MACH AC
e NUMBER RE/FT —»
PR 6
Sy 2.4 1.5 x 10 0.0170
RN 3.0 x 10° 0.0090
. s: . 6
U 3.5 1.5 x 10 0.0229
» 3.0 x 10° 0.0120
o by 3.0 x 10° 0.0161

]|
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5.5.1 Correlatlon of Theory and Data

5.5.1.1 Test Plate

Theoretical Stanton numbers (Reference 7) are plotted in figure 86 as a
function of Reynolds number for the three test Mach numbers and temperature
ratios (Tw/'I‘w). The experimental data points are in all cases substantially
lower then the theory predicts. This lack of correlation has been noted in
past Langley Wind Tunnel Tests that were run under similar conditions.
However, it should be noted that good agreement between experimental data
and theory has been achieved in Langley tests (Reference 8) that were run
with relatively thin (0.7 and 1.5 inches) boundary layers. It can

generally be stated that agreement between theory and data improves with
increasing Mach number and Reynolds number and also improves with decreesing
boundary layer thickness. The reason for this is that thick bogndary layers
are associated with relatively low heating rates, making the departure from
adisbatic wall conditions (conduction losses through the test plate)

significant. However, the heat transfer coefficient ratios (hc/h ) are

co,8

not greatly aftected since the data have been normalized.

5.5.1.2 Centerline Surfaces of the Protuberance Models

Correlation of the heat transfer coefficient test date with theoretical
values using the method of Van Driest (Reference 7) ie given in figures 87
through 90. The data have been adjusted to account for the difference in
the local recovery temperature and the flat plate recovery temperature from

which the coefficients were derived.

° "3\“ .
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Tn general, the theoretlcal heat transfer coefficlents are determined on

the various surfaces by the followlng procedure:

Forebody Surface

A conlcal shockwave is developed on the protuberance forebody
corresponding to the upstream tunnel flow parameters. In the case
of protuberances that are submerged in the boundary layer (Models
No. 2, 5, and 9), a computer program ig used to determine the local
f£low conditions within the boundary layer. The flow behind the
shockwave is isentropically compressed to the conical forebody
gurface and the local flow conditions are determined.

Centerbody, Forward End

The flow at the outside edge of the boundary layer on the forebody
gurface is expanded around the cone/cylinder juncture using the
Prandtl-Meyer relationships. Local properties are determined and
the heat transfer coefficients are then calculated.

Centerbody, Aft End

The flow at the aft end of the protuberance centerbody 1s assumed
to recompress from Prandtl-Meyer expansion to freestream conditions
(Cp = 0). Heat transfer coefficients are based on flow properties

vehind the shockwave and freestream pressure.

Afterbody

Flow from the aft end of the centerbody 1s expended to the forward
end of the afterbody using Prandtl-Meyer relationships. Static
prescure is assuueu to return to freestream values at the tip of

the afterbody.

The theoretical heat transfer coefficients agree reasonably well with the

test data on all surfaces of Models No. 2, 10, and 5 (figures 88, 89, and

90, respectively).

2




* A computer program was used to analytilcally adjust the data on Model No. 9
] (figure 87) to account for the conduction effects. The heat transfer

; coafficient data were taken to be directly proportional to the ratlo of the
4 incremental temperature rise of an analyticael model that consgldered no

-k conduction to one that coneidered conductilon.

: h =h < (AT Ae% no conduction
: cad,justed Cagte T/A9) with conduction

| ' 6. CONCLUSIONS

X The Protuberance Heating Test Program has provided additional knowledge on
'.";:: weke heating phenomena. A more conplete description of the protuberance

wake in terms of disturbance heating effects (hc/hco,s) hes been obtained
for various shaped protuberances. The effects of Mach number and Reynolds
number veriation on wake heating both on the protuberance and in the wake

region have been determined.

A summary of the data evaluation shows the following trends: ;

a. Wake heating effects produced from conical forebody/conical :
afterbody protuberances are still present up to 25 diameters "
downstream of the body (to the end of the test plate). It is 5
not known at this time where normal flat plate heating returns. L

b. Heat transfer coefficient ratios on the protuberance surfaces and :

=t in the wake region increase with increasing Mach number and also
? increase with decreasing Reynolds number. The test Reynolds
numbers are from 2 to 4 times higher than flight values due to 1
tunnel and instrumentation limitations. The magnitude of the

hc/hco , Velues for Reynolds numbars equal to those during flight %
b
e at the time of maximum serodynamic heating can only be approximated.
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Wake heating offects arc confined to the observed (oil flow

At a Mach '
number of 4,4k, tho lateral disturbed heating reglon extends

Thies disturbance effect 1o

geen to be larger in termo of protuborance diametors for amall

pattomne) wake region for Mach numbers up to 3,51,
outelde of tha obacrved wnke pattomn,

models.,

The mognitude of the dlsturbance effect (hc/hco 5) in the wake

)
reglicn is strongly dependent on the size of the protuberance with
respect to the boundary layer thickness.

The downstream increased heating effects in the wake reglon behind
the boundary layer reattachment polnt are somewhat less for blunt
afterbodies than for conical afterbodies.

The magnitudes of the flat plate heat transfer coefficient data,
hc’ are from 45 to 60 percent lower than theoretical predict.ions.
This occurrence is consistent with past Langley Wind Tunnel tests
that were run with relatively thick (6 inch) boundary layers. It
is concluded, however, that the heat transfer coefficient ratios
(hc/hco,s) are not greatly affected since the experimental data
have been normalized.

The heat transfer data on the surfaces of the protuberances
correlate reasonably well with theoretical predictions.
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TABLE 1. LOCATION OF INSTRUMENTATION THERMOCOUPLES ~ LANGLEY TEST

i '
oy ¥ -.* 0 . s
E - ° = "o e, z X . N N
FatesIi s gy ek S N - N R : .
& LT A Pl A

IE Al ]

e

Model No. 2 Madel, No, 9
No. X RA kil No. X LA
300 =10,0 (8] a0 ']()H - 3,4 0
301 =10, w9 L't ‘oL - 2,0 -(),H
QO - o8 0 Y49 fron - 1.0 0
303 - 3.1 0 W6 703 - L0 =1.1
30l - 4.1 ONT Aa) 7ol - 1.0 -1.1
304 - 3.1 “2.3 L5 oY - 0.9 0
306 0.2 0 5,0 706 - 0,9 -1.2
307 0.2 -2.5 2.9 707 - 0.9 -1.2
308 0,2 -2.5 1.5 708 0.0 0
300 o 0 5,0 709 0.6 -1l.2
310 W, “2.5 2.9 710 0.6 =1.3
311 o 2.5 1.5 711 1.6 0
312 .7 0 5,0 712 1.6 -1.1
313 9.7 -2.,5 1.5 713 1.6 -1.1
314 12,7 0 L1 A 2.6 -0.8
315 12, -2,0 1.5 715 3.6 0
316 1905 "105 lo()
317 16.3 0 2,0

Model No. § Model No. 10
No. X pA 2 No. x ¥ 2
500 ~13.7 0 2.0 800 -14.5 0 L.5
501 -11.3 -1.3 1.5 801 -10.6 -3.1 L2
502 - 8.9 0 3.3 802 - 6.6 0 9.1
503 - 3.6 0 b7 803 - 6.6 -l 1 5.6
50k - 3.6 -2.3 2.9 8ol - 6.6 -5 1.5
505 - 3.6 -2.4 1.5 805 - 3.5 0 10.0
506 - 1.1 0 | 806 - 3.5 =L 7 6.7
507 - 1.1 -2.4 3.l 807 - 3.5 -5.0 1.5
508 - 1|1 '2.5 1.':) 808 305 0] 10.0
509 3.7 0 540 809 3.5 -l 6.7
l)10 307 "Eou 3.1 8].0 305 “t}uo 1..5
511 3.7 245 1.5 811 G5 0 9.1
512 3.4 0 5,0 812 6.5 -l 5.6
513 8. -2,k 3.1 813 6.5 4.5 1.5
510 8. -2.5 1.5 81kL 10.6 -3.1 4.2
515 0,9 0 4,0 815 4.5 0 b.5
516 9,9 1.2 1.5
G517 9,9 0 1.5
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TABLE 1, LOCATION OF INSTRUMENTATION THERMOCOUPLES ~ LANGLEY TEST (Continued)
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TABLE 1, LOCATION OF INSTRUMENTATION THERMOCOUPLES
P AND PRESSURE.TAPS ~ LANGLEY TEST (Continued)
‘ j ! Teat, Platn (Gnnl,.,) Toat, Plota
- Mo X v No. X y
v - ' - ==
v 5 310 (4 0) P1, 12,1 =l 0
o B¢, 31.0 8,0 P 160 =h.0
e Hiy 310 10,0 P3 16,0 -t ,0
S ot 310 2,0 Pl 23,7 L0
S Ho) 3L.h 1.0 Py 3L.4 . =l
s 90 314 16,0 P6 314 -H,0
e al 36.h o P7 3L.4 12,0
b o2 360u ]..0.0 PB 36.!4 «-,I,.()
e . Y3 b 2.0 Po b b -b,0
£;>w R ol b4 .0 PLO 514 b0
AP a5 h1.b : 6.0 P11l 614 «4,0
," .K l‘“,6 h‘l 3)4 8;0 P12 61 Qh’ "8.0
. £ 97 }41 0’4' 10.0
ol 08 h1.h . 12.0
- Sla) b1.h 1h,0
- 100 b1k 16.0
! 101 L6,k 2,0
o : 102 46k 10.0
- 103 51.4 2.0
- ; 10k 51.4 Lo
a : 105 51 .4 6.0
o 106 _ 51.4 10.0
= e 107 51.4 4.0
- o 108 56.4 2.0
- D 188 Zf°§ 10,0
i L, el . 1 . 2.0
SO §§ 111 61.4 h.,0
AR 112 61.4 6.0
o 113 61.4 8.0
e S 114 614 10.0
Lo L 115 61.4 12.0
L S 116 61.4 1,0
Bl 3 117 11.9 «6,0
po ’i 118 17.6 ~10.0
b e 119 21.2 ~6,0
. ‘ 120 29, -10.0
g vV 121 3.4 -10.0
! ' 122 464 ~10.0
{ 123 564 -10.0
B
=
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TABLE 2. LANGLEY PROTUBERANCE HEATING TEST RUN SCHEDULE
MODEL PARAMETER DATA_ REYNOLDS
RUN CONFIGURATION INVESTIGATED h, p NO. x 10 MACH NO.
1-1 Pl** Calibration h,p 3.9439 2.49
1-2 P, Calibration h,p 1.5727 _ 2.49
1-3 P Calibration h 2,943k 3.51
1-k P Calibration h 1.289% 3.51 )
1-5 P, Calibration D 1.7000 3,51
1-6 124 Calibration h,p 3.1985 RIS :
2-1 P, * Mg Wake Heating n,p 3.0318 2.49 "
2-2 Pl + M9 Wake Heating h,p 1.5804 2.49
2-3 P, + M9 Wake Heating h,p 2.951h 3.51
2-Y P, + M, Weke Heating h,p 1.5532 3.51
2-5 B, * M9 Wake Heating h,p 3.2185 L4l E
3~1 Pl + M, Wake Heating h,p 3.0695 2.49
3-2 P N, Wake Heating n,p 1.5705 2.49 ;
3-3 Pl + N, Wake Heating h,p 2.9789 3.51 |
3=l P, + M, Weke Heating h,p 3.25%% bk ‘
2 h-1 B, + M, Wake Heating h,p 3.0394 2.49 ¥
:,‘ 4-3 B, + M, Wake Heating h,p 1.5546 2.49 '
?i' L=ty Pt M, Wake Heating h,p 2.9698 3.51 '
=FE -5 P+ M, Wake Heating h,p 1.561k 3,51
:i? -6 P, + M, Wake Heating h,p 3.1722 Iy il [
;! 51 P, * M Wake Heating h,p 3,026k 2.49
f: 6l P, + M5 Wake Heating h,p 1.5586 2.49
_l" \ﬁ |
: 0




TABLE 2. LANGLEY PROTUBERANCE HEATING TEST RUN SCHEDULE (Continued)

MODEL PARAMETER DATA REYNOLDS
RUN CONF IGURATION INVESTIGATED h,p* No. x 1070 MACH NO.
s 5-3 P+ M Wake Heating h,p 3.1848 IR
s
B 5-4 Pl + M,5 Wake Heating h,p 2.9351 3.51
-8 E* 5-5 P, + MS Wake Heating h,p 1.5426 3.51
i - 6-U B+ My 01l Flow h,p 3,0529 2,49
o by 6-5 B, + M 0il Flow h,p 1.5578 2.49
6-6 P, t M9 0il Flow h,p 3.1983 b bk
6-7 B, + Mg " 01l Flow h,p 2. 75 3,51
6-8 Py *+ My 01l Flow h,p 1.5519 3.51
: *nh- heat transfer
p- pressure
': [ **Pl- plate with stringers ]
‘- p,- plate without stringers
e
3 4 ﬁ";
¥
o R
8 { : MODEL NO. FOREBODY BODY AFTERBODY
! ?.; I g Y MQ 150 2.5 CAL 300
. M, 15° 2.5 CAL 0°
Y & [ &
NENE M, 30° 0.5 CAL 30°
. My, 30° 2 CAL 30°
. ; :
N
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. §
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Figure 2. Protuberance Models Basic Configurations (Side Views)
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Figure 8. (Cont) Model No. 9 on Plate P,
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Figure 62. Downstream Heat Transfer Coefficient Ratios he/heo,s Along the Protuberance
Centerline of Model No. 9
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Figure 74. Oil Flow Patterns of M

odel No. 9 at M = 2.49 and Re/FT = 1.5 X 106
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"REPRODUCIBILITY OF THE ORIGINAL PAGE 15 POOR.
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Figure 77. Oil Flow Patterns of Mode! No. 9 at M = 4.44 and Re/FT = 3 X 106
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Figure 79. Downstream Oil Flow Patterns of Model No. 5 at m = s.01 and Re/FT =3 X 10¢
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Material Propertic:

Nickel

Thermal conductivity
Heat capacity

Density

Stainless Steel

Thermal conductivity
Heat capacity

Density

0.0136 Btu/scc-ft-"R
0.104 Btu/1b-"R
554 .69 lb/ft3

0.0023 Btu/sec-£t-"R
0.108 Btu/1b-"R

501.12 1b/£t>
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APPENLTX .- {CALCUIATION .OF. HEAT TRANSFER CORFETCIENTE) . ... . .

i1 ; g
LR
Py oa
ﬂu' ) The date werc reduced by langley Research Center using tho methed below. The
:; r
%"1 g' material properties used in the compututions were dotermined by Dougles.
! Equations for Data Reduction
i
3 ) .
2o Yeero ® Ggtored ¥ Ylosses
i i Neglecting losses the equation can be written:
TR
ar_
2 B h (T, -T,) = Whe—m
o E and by rearranging:
i . t % T
e e T a6 - Tdt=3’-"i-°-fw’tam
; i To 1‘ o W’ h W
‘ [o] (e} W0
, Ty
? g where'a—-is experimentelly determined.
=iff{ i; Thus
] : : h e Whe (Tw,t - mw,o)
i r L t
e
T, :E Tofst - ji wa:t
o 0

Considering the data obtained from the previous test, the losses due to conduc-
tion were neglibible. Therefore, no conduction correctious were made on the data

obtained from this test.




Eguations for Datg Roduction (Cont)

Symbolg
W =
b =
c =
k =
h =
4 =
Te =
‘l’o =
TW =
XY =
Subscripts
o)
t
n
i

136

dencily of gkin Jb/ft3

skin thickness, rt

Specific heat of gkin material, Btu/1b.°R
heat conductivity of skin, Btu/sec-ft.CR
heat transfer noefficient, Btu/sec~rt°.CR
aerodynamic heat input, Btu/sec-rt°

equilibrium temperature, °R
stagnation temperature, °r
model wall temperature, °r

distance between adjacent thermocouples

time zero, unlegg def'ined otherwige
time greater than Zero
pertaining 4o thermocouple location

at time intervsl




