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NOL BYPERSONIC TUNNEL NO, 4 RESULTS VI:
EXPER"MENTAL AND THEORETICAL INVESTIGATION
OF THE BOUNLCARY LAYER AND HEAT TRANSFER CHARACTERISTICS
OF A COOLED HYPERSONIC WEDGE NOZZLE
AT A MACE NUMBER OF 5.5

Prepared by:

E, M, Winkler and Jerome Persh

ABSTRACT: Experimental and theocretical investigations were
conducted of the nozzle wall .eat transfer and boundary

laysr transition in the NOL 12 x 12 cn Eypersonic Tunnel No. 4
at a Mach number setting of the wedge nozzle of 5.5 and a2
constant supply teaperaiure of 430° X. The experimertal

data con.ist of local heat transfer aancd surface probe maasure-
pents at ssveral axial locatiors along the nozzle wall,
overall heat transfe:r measu. :aents, and boundary layer surveys
&t various supply sir pressures. These data provide needed
information for the design and construction of hypersonic
nozzles. The theoretical studies give a method by which the
bouadary layer develcopaent and heat transfeor to the nozzle
wall can be compu:ied from properly selecied (cr measured)
initial condiiions and the measured position of the transi-
tion point siong the nozxle wall., The agreement hetweon
Saperimental and theoretical data sufficiently supporte the
usetilness of the analytical method Zor design applications,

U. S. NAVAL ORDNANCE LABORATORY
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This is the sixth NAVORD Report on investigatiocns carried
out in the ccntiauous NOL 12 x 12 cm Hypersunic Tunnel

No. 4. The present investigation was carried out to pro-
vide detailed information on the h..at transfer to the

nozzle wall under conditions where transition from a lami-
nar to a turbulent boundary layer occurs in the throat

region of the nozzle. The work was jointly sponsored by

the U, S. Naval Bureau of rdpnance and the U, 8. Air Force,
Flight Res2arch laboratory and was perforaed under Task
NOL~M92-108-1-54. The authors are indebled to Dr. R, K, Lobb
for many stimulating discussions during the course of the
investigation. The cocperation of Messrs. L. L. Liccini

snd R, Garren, wvho participated in the tests, is acknowledged.

JOHN T, HAYYXARD
Captain, USN
Commander

H. H. KURZVEG, Chief
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SYMBOLS
nozzle surface area per coolant tube

local skin friction couefficient based on free-stream

T
conditi
on ons ;25—-—:_:_

constaant for laminar skin friction law
specific heat at constant pressure

pressure gradient tera for momentum equation

2 1
;dﬂ. H+2-Pb t

o dx ,,,x;.,,,.fJ

Mach number function for laminar skin friction law

¢
(,+_t_i_a n.; ).osn
Mach number func.ion for turbulent skin friction law
(!
e !"i"' m.I).l).
local heat transfer coefficient for air

boundary layer shape parameter defimed as & /g
thermal conductivity

wetted noxzle length

Mach number

Prandtl number

stagnation pressure

pitot pressure

gstatic pressure

locgl heat transfer rate

overail heat transfer rate

Reynolds number based on free-stream conditions
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r recovery factor

St Stanton number

T local static temperature

Te equilibrium temperature for zero heat transfer
Te local wall temperature

Ty coolant tube surface temperature

Te coolant temperature

u velocity

Ve weight flow rate of coolant

>

longitudina) distsnce along nozzle axis

y distznce perpendicular :o wall
4 ratio of specific heats
8 total boundary layer thickness
&
6. displacement thickness [(!- ’{;%_ ) dy
° momentum thickness PY [‘ _ Jt_] dy
£l Uy,
M viscosity ’
. P density
i T shear stress
Subscripts
i} % | values based on wall coanditions
e values based on momentum thickness
@ values based or free-stream condition outside the

boundary layer

vi




NAVORD Report 3757

NOL HYPERSONIC TUNNEL NO, 4 RESULTS VI:
EXPERINENTAL AND THEORETICAL INVESTIGATION
OF THE BOUNDARY LAYER AM. HEAT TRANSFER CHARACTERISTIC3
OF A CCOLED HYPERSONIC WEDGE NOZZLE
AT A MACH NUKWBER OF 5.5

INTRODUCTION

1, For the design of hypersonic wind tunnels intended to
operate at very high supply pressures and tenperatures in
the order of 50 to 100 atmospheres and 1,000° X respectively,
information on the local heat transfer to the nozzle throat
and cverall heat transfe. to the entire nozzle block are
needed to pose safe construction criteria,

2. In contrast to the large amount of theoretical work done
on the uclution of the hyperscnic heat transfer and skia
frictioa problems, relatively few experimental investigations
have been performed, The comparison between the available

data and theories shows certair, though moderate, disagreements
in the trend as well as in the absolute value of parameters
obtained theoreticaliy which makes an accurate prcdiction of
heat transfer and skia friction data beyond the range of avail-
able experimental data difficult.

3. In a previous NAVORD, expsrimental and theoretical investi~
gations of a cooled hypersonic wedge nozzle were reported
(reference i). The purpose of the present investigation is

to furnish more detailed information regarding the heat trans-
fer and boundsry layer characteristics of the NOL hypersonic
wind tunnel, and alsc to indicate methods Ly which such data
may be calculated,

Equipment aund Experimental Technicues

4, All measurements were made in the NOL 12 x 12 cm Hypersonic
Wind Tuunel No, 4 (reference 1), A Mach number 5.5 setting®*

of the nozzle was selected for these ta2sts since with this
setting and the present operational range of the winc¢ tunnel,

* The ter=ainology '"Mach number 5.5 setting" is used oanly to
define the nozzle goometry., The actual free-stream Mach number
obtained at the survey station is about 5.0,
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the desired test conditions could be accomplished. namely that
transition from a laminar to a turbulent nczzle wall boundary
layer occurs close to the nogzzle throat, and aiso that the
physical dimensions of the throat height are vroughly comparabile
to those of larger hypersonic wind tunnels to be built in this
country.

5. The supply air temperature was kept constant at 430° K for
all tests. The supply pressure was varied from about 1 to 15
atmospheres. A steady-state nozzle wall temperature distri-
bution was maintainec by a coolan* flow rate of 5 gallons per
minute per nozzle block.

6. Local values of heat transfer and nozzle surface tempera-
tures were determined at four stations aloung the centgrline

of one nozzle block (x = -.397, +2.14, 3,42, and 50 cm, where
x =0 is the position of the throat). These results are de-
duced from the known heat conductivity cf the nozzle material
und temperature measurements made with four thermocouples im-
bedded at each station in the nczzle wall at various distances
fror the surface (reference 1), The overail heat transfer to
one nozzle black is obtained by measuring the coolaat flow
rate, the temperature of the incoming water, and the tempera-
ture rise of the water., Depending upon the supply pressure,
practically steady-state conditions were reached for all
measurements after 5 to 10 minutes opsration. The accuracy

of the absolute temperature readings is 2.2° C; the tenpera- .
ture differences were read to 2,01V C,

7. Surface pitot probes were used in conjunction with free-
stream static pressure probeg at a number of axial stations
along the nozzle wall (x= 2,54, 5,08, 15.25, 22.85, and 50 cm)
to determine the beginning and end of transition as a function
of the supply pressure,

8, The boundary layer was surveyed at the center of the noz-
zle wall at the 50 cm station for supply pressures of I, 4,

and 8 atmosphere¢s., For each survey, pitot and static pressures,
stagration and wall temperatures, and the wall temperature
gradient perpendicular toc the nozzle surface were recorded
(references 2 and 3). The accuracy of the pressure readings
is+ .1 mm Hg for pressures above 20 ma HZ aud + 1 micron for
pressures below 20 am Hg. The latter measuremeants were made
with a precision o0il manometer. The stagnation temperatures
are measured to #,20 C,

RESULTS
9, The mapping ol the trausition region along the length of
the nozzle is accomplished by using both the local heat trans-

fer data and the surface probe measurements., By plotting the .

2
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ratios po'/p and the wall temperature gradient AT/ Ay

as functicus of the supply pressure, curves of the type
shown below are obtained for each station.

-/ T/

A Po

Transition is assumed tc begin at the point indicated a8 B
and to end at E. The supply pressures corresponding io the
points B and E are then plotted as a function of the

axial distance along the nozzle surfsce (Figure 1). The
points for the onset of transition at x = -,397 and x = +: 14
are not connected as part of the curve because of the uncer-
tainties in the throat region, A connection of thete points
wovld indicate the lower limit for the onset of transition
anead of the throat. It is conceivatble that completely turbu-
lent flow does not exist at the throat due to the large
pressure gradient and heat removal at this point,

10. The overall heat transier (Q) to the nozzle tlock was
calcuiated from th2 temperature increase of the coolant water
and ithe weightea water flow rate using the following relation

& = W, oc,aT

The results of these calculations are shown as a functiou of
the supply pressure in Figure 2. This curve indicates that
for pressures up to 4.4 atmospheres the overall heat trans-
fer rorresponds to principally laminar flow conditions over
the nozzle length, and beyonéd 6.4 atmospheres it may be
assumed *0 correspond to priucipally turbulent flow over the
nozzle length. The pressures at the end of the lamiaar
regiou asd at the beginning of the turbulent region are in
agreement with the nressures for the onset of transition at

x = 2,14 and x » -,297, respectively (see Fagure 1), Prom
this comparison we may ccnclude that for pressures larger
than 6.4 atmospheres :ihe axial extent of the laminar regaon
&% the throat is narrow (or non-existent) so that the overall
beat transfer :ndicates turbulent flow along the entire length
of the nozzle.
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11, Boundary layer velocity and temperature profiles at the
50 cm station were evaluated from measured pressure and
temperature data as described in referonce 2, Lamintr pro-
files were measured for 1 atmosphere supply pressure and
turbulent profiles for 4 and 8 atmospheres, Figures 3 and 4,
in accordance with the results shown in Figure 1,

12, Values cf local skin friction were determined at four
stations along the nozzle wall from measured wall temperatures
and wall temperature gradients using a modified Reynolds anal-
ogy

¢ =25, o} )

where by definition

© (Te-T)C, uu Fa ()

Uge and L, were avalusted from emperature and pressure
measured at these locations. The equilibrius wall temperature
Tq *as calculaied using r =Prl/3 ‘for turbulent flcw and

r=Pr for laminar flow and Pr s 72, The variation of
Cp with pupply pressure is shown in Figure & for the four

seasured points., The agreement Letween ‘- dicated begin-
ning and end of transition on these curves and those obLitained
Ly the surface probe is in all cases good. This can be deduced
from the results shown in Figure 1,

Theoretical Calculations and Comparison with Experiments

13. The theoretical calculations are concerned with (a) a
prediction of the boundary layer development along the noxsle
wall, and (b) a determination of the local and overall heat
transfor. The present anclysis is a refinement of the method
digcussed in reference 1; however, the fundamental foraulation
is siuilar. The utility of the method resulting from this
analyeis {8 then illustrated by comparigon with the experimental
data. In genersl, the accuracy of numerical results is found
easentially dependent on a knowledge of the axial location of
the transition point along the nozzle wall. For the present
rosults, the experimontally determined transition points were
used,

14, The loundary layer mowentum thickness development is cal-
culated by a step-wiss solution of the momentuu integral eca-
tion (reference 4)

2
a6 _ ¢4 _ ) dMe (Ht2-M (3)
a2 e[ - 9x (| + §- n.zj}
2
4
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Assuming that the velocity distribution as determined by one-
dimensional flow considerations is sufficiently accurste for
all sursequent boundary layer calculations, the bracketed term
of equation (J) can be eveluated once the shape parameter is
known, For laminar flow throughout the nozzle, H was cal-
culated from (reference 4)

m 2

H=259{'*2n.b ]

Lre-

and for completely turbulent flow the tabtulated data of refer-
ence 5 wera used for a powevr profile exponent of 1/7. These
values of H refer to the case of zerc heat irsnsfer. As will
Le shown later, the overall result~ are not sensitive, except
for marginal ceses, to the assumed H values for the range of
heat transfer conditions at which the experiments were made,
Figure 6 shows the iracketed term for wholly laminar and wholly
turtulent flow as a function of the distance along the nozzle
axigs. Using the experimenially determined transition points,
the course of the ltracketed term for any supply pressure can
te traced. In the transition region., a faired line connects
the laminar and turtulent curves of Figure 6.

(3)

15. Equation (3) can Le written irn a simpler form

a8 _ ¢
ax =7 —6f( 5

with f{x) replacing the bracketed term., Before equation (5)
can be solved in a step-wise manner from known conditions at
a given starting point, a method for calculating C¢ values

pust be given,

16. The following skin friction formulas were used

Laninar flow region C¢ = c_ f (™) (6)
Reg

Turtulent flow region €y = ;Qi%zg fz(M) (7
Re,’
(]

R _@_ d Ue
where C is a constant which is dependent on "%eu_, g x
ard for fl(l) and f2 {M) the following relaticns were used

which represent an empirical fit to the availlatlle exper:imental
results,
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£, (M) = ! (8)
() N .%L M“Z ) .09/

fo (M) = = ! - (9)

The use of the skin friction equations (6) and (7) implies
that the skin friction values are unaffected by heat transfer,
which is a necessary assumption, siace the wall temperatures
are indirectly calculated from the boundary layer results and
are therefore not availabie for this step of che procedure,
The pressure gradient dependence of the skin friction values,
expressed by equation (S), is recognized for the laminar flow
region but not for the turbulent flow region, Referring back
to equation (4), this ceems to be an inconsistency since for
the shape parameter the pressure gradient dependence was
ignored. However, comparative calculations, with the effect
ot pressure gradient and heat transfer oa the H value
included, gave little change in the overall results, due to
the fact that values of H become important only in the
downstream regions of the nozzle where the pressure gradient
term is smaller than the skin friction term of equation (3).

17. In order to determine how precise & set of initial cen-
diticns has to be kaown to yield results of acceptable accuracy,
two largely differeat initial conditions were assumed, One
assumption considered the initial boundary layer thickness as
almost zero, and the second considered *he boundary layer thick-
ness to be one-half the neight of the subsonic inlet section,
The overall results obtained from either of these assumptions
are for all practical purposes the same. This i1s because of

the very steep pressure gradient in the throat region which
dominates the values computed from equation (5), regardless of
the assumed starting point conditions. The same conclusion
regarding the effect of the assumed initial conditions was
reached in reference 1,

18. Por conveaience, the calculations presented in the follow-
ing are based on experimentally determined Ce values at the

x = -,397 cm station. A station upstream ofi the throat was

6




NAVORD Report 3757

chosen as the starting pcint for the calculations hecause the
greatest contribution to the overall heat transfer integral
occurs in this region.

18, Comparisons between the calculated results and the avail-
abie experimental dats are azhown in Figures 7 ihrough 11 Zfor
supply pressures of 1, 4, and 8 atmospheres., Figure 7 shcws
the variation of the calculated momentum thickness @ with axial
distance.

20. Since equation (3) makes no provision for the energy lost
due to heat transfer, it is anticipated that the values of
moment.m thickness calculated from equation (3) are somewhat
less than the experimental values, This is due to the increased
density near tlhe wall resulting from the large heat transfer
along the nozzle, whici: is not recognized in the theoretical
method. (By the same reasoning, the theoretical value of

will be somewhat larger than the experimenta® values.) This is
shown by the comparisons in Figure 7.

21, The agreement between the calculated and experimental
values of the skin friction, <cg, Figure 8, is within 50 per-
cent at the boundary layer survay station at x = 50 cm.
Downstream of the throat the deviation is larger, probably

due to some inadequacy in deteramining the skin friction values
froz the heat transfer measurements in this region of strong
pressure gradients, The predicted and experimental velocity
and temperature profiles at the 50 cm station are given 1in
Pigure 9 (a, b, and ¢), The laminar profiles, for 1 atmos-
phere supply pressure, were calculated using the wcihod of
reference 6: the turbulent prcfiles have heen caiculated using
the physical mndel descrtibed in referernce 7,

22, As was stated previously, a strong energy removal occurs
near the nozz)e throat due to the large heat transfer in the
region., The comparizons shown in Figure ¢ indicate that this
energy leaz is preiominately refiecied i1n the temperaturc
profile and only slaightly in the velocity profiies. The wall
temperature vaiues for these computations were cbtaingd from
the heat tranafer calculations described in the following
section.

23. The heat trsnsfer calculations were carried out according
to the analysis d -cribed in detail in reference 1. For con~
venience, the pert.. t equations are listed below:
For the heat transfer f{rom the air to the nozzle wall
(i=h.Au (Te - Tw) (11)
For the heat conduction in the nozzle wgll
4= .825A.,(Ty Tp) (12)
7
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For the heat transfer to the cocling water

8

A, (T, =T} (13)

q= 10w

For the overall heat transfer to the nozzle
L

Q::Ai h:n ﬁ;"‘Tw) ax (i4)
L

o]

Vaiues of hg used in equations (11) and (i4) were obtained
from the skin friction results of the boundary layer calcu-
lations, Reynolds analogy {equation (1)) and

ho = Stefro Ue Cp (15)

24. The calculations were made for a number of supp.y pres -
sures, Figure 10 gives a comparison between the calculatsd
and experimental wall teamaperatures along the nozzle for three
different supply pressures, The agreement between both sets
of data is within 3 percen. over most of the nozzie length.
Because the cocling water temperaturc principally effects the
experimental wall temper«ture, and is a determining factor

in the solution of equations (13) through {15}, it is appar-
ent that good agreement between experimental and theoretical
values of T, 1is to be expected. Figure 2 compares the

experimental and theoretical data for the overall heat trans-
fer, Although the trend of the experimental Q-values is
closely followed by the calculated values, the laiter are
always slightly smallexr than the experimental data. This
appears to be inconsistent with the previous results shown

in Pigure 8, since froa the direct proportionality between

Cy and h‘ . it would be anticipated that the theoretical

velues of Q should be larger than the experimental values,
fowever, 1t is reasonable to assume that at the throat,
where most of the heat traasfer occurs, the theory predicts
too lox values ot cy. The agreement is, however, within

the accuracy that can be ascribed to the calculnted data
(on the basis of the assumptions underlying the analysis)
and to the experimental data.

25, Using some of the theoretical results obtained from the
foregoing analysis, additional informestion was cttained con-
cerning the bouriary layer transition at the throat. The

8
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theoretical results indicate that the value of Re9 calculated

for the zominal point of transition remains almost constant

at about 400 for all values of supply pressure, This obser-
vation implies that the curve describing the caset of transi-
ticn, Figure 1, may be regarded as a line of Reg = copst = 460,

To determine whether or not a Reo value of 400 is or can
be exceeded at the nozzle throat, the calculated Re° values

for x = 0 are plotted against supply pressure in Figure 11,
It is apparent from this figure that, for the range of supply
pressures covered, transition probably does not occur at the
throat, assuming that the Reynolds number for the start of
transition is the same at the throat as at all points along
the length of the nozzle., Furthermore, Re° may be greater

than 400 since a lsrge amount of heat is removed froa the
boundary layer at x = 0O, which has a stabilizing effect on
the laminar bsindary layer. Such stabilization is accom~
panied by an increase in the Reynolds number for the start
of transitioa.

SUMMARY

26. Characteristics of the boundary layer and heat transfer
to the nozzle wall of the NOL Hypersonic Tunnel No, 4 were
deternined experimerntally and by an analytical method which
utilizes k:>s. positions of the transition point along the
nozzle wall,

27. It was found that the cverall results of the calculations
are not sensitive to the initial conditions selected.

28, The results of the investigation may be briefly summa-
rized as follows:

a. The location of the transition point along the
nozzle wall has been determined by using both heat transfer
and surface probe measurements, The agreement between bith
sets of data is within the experimental accuracy. These
results have been checked by observing experimentally the
shapes of the boundary layer profiles pecar the nozrzle exit.

b, Local heat transfer to the nozzle wall has been
measured at gseveral points along the surface by using imbed-
ded thermocouples. The overall heat transfer to the nozele
wall has also been messured be the overall temperature rise
cf a known amcunt of coolant flow, These messurements have
been made ove:r & supply pressure range from about 1 to 15
atmospheres,
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c. Good agreement between the calculated end experi-
mental overall heat transfer has been found for supply pres-
sures above 4 atmospheres.

d. The results of experimeatal and theoretical calcu-
lations indicate that there is some doubt as tc whether
turbulent flow ever exists at the nozzle throat,

i0
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FIG. 3 BOUNDARY LAYER VELOCITY PROFILES NEAR NOZZL
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