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NOL HYPERSONIC TUNNEL NO. 4 RESULTS V.
EXPERIMENTAL AND THEORETICAL INVESTIGATION OF
A COOLED HYPERSONIC WEDGE NOZZLE

By

P. Wegener, R. K. Lobb, E. K. Wirkier,
M. Sibulkin and H. Staabd

ABSTRACT: A new weter cooled, w¥edge-tyrs nozzie has
been in operation in the NOL 12 x 12 cm Hypersonic
Tunnel No. 4 since Jaauary 1952. This report presents
results of theoretical and experimental investigations
covering the performance nf this nozzle. It was found
from neasurements of pitot and static pressure that the
nozzie produced a shock-free, almost isentropic expansion
having a test-section Mach number distribution comparable
in quality to that obtained in existing conventional
nozzles at lower lach numbers. The cooling system used
was adequate tc maintain the nozzle block temperatures
at conctant low values. The temperature distribution

in a nozzle block was also measured and it showed a

rise near the throat. Thie rise agrosa gualitatively
with theoretical calculations. A comparison of the
caicuiaied and measured rate of heat trwnsfer to a
nozzle block asuggested that boundary layer transition
occurs after the throat. A pressure and temperature
survey at the end of a nozzle block where the boundary
layer is turbulent showed that the velocity digtribution
is similar to that found at low spsed. Thisg survey was
also used to calculatc the overall heat transfer rate to
the nozzle block. This result agreed with that cbtained
from the direct method of determining the heat transfer
by weasuring the cooling water rate and temperature
increase.

In conclusion it is found that a hypersonic wedge nozzle
produces shock free expansions and acceptable flow in the
test section and serves well as a research tool.

U. S. NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYLAND
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Thic is the 2424k NAVORD Roport oo an iavestigatica
carried out in the continuous NOL 12 x 12 cm Hypersonic
Tunnel No. 4. This fscility was first put into operation
in May 1950. The titles of the previous NAVORDS discussing
results from the tunnel ayg:

I Air Liquefaction. NAVORD 1742, 4 Jan 1951

IX Diifuser Investigation. KAVORD 2376, 5 May 1352

11X Diffuser Investigation with Models and Suppor:s,
NAVORD 2435, 1 July 1952

v High Suppiy Temperature M2asurement and Control,
NAVORD 2574, 8 Oct 1852

The present NAVORD (Results V) prexents an experimental

and theoretical discussion of a cooled high Mach number
nozzle. The work was jointly sponsored by the U. S. Naval
Bureau of Ordnance and the . S. Air Porce, Fligh: Research
Laboratory.

The authors are indebted to Messrs. Charles E. Thite and
E. J. Stollenwerk for the mechanical design of the nozsle.

Proi. N. Hali's advice on the cooling problem is gratefully

acknowladged. Messra, I., Liccint sad B, Gerren sarticipatasd

during the tests and Kessrs. J. Kendall, Jr. and H. Maxwell
assisted in making the boundary layer calculations.

EDWARD L. WOODYARD
Captain, W2X
Commander

H, B, KURZWEG, Chief"
Aeroballistic Research Department
By direction
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ILLUSTRATIONS

5 Figure 1. The H0L 12 x 12 cm Hypersonic Tunnel MNo. 4.
- ' Pigure 2. Cocled Wedge Rozzle Block with Thermocouple
- Pings Removed,
5 Figure 3. Cooled Wedge Nozzle for Tunnel No. 4.
: Figure 4. Schlieren Photograph of the Flow Near the
Throat of a Minimum Length, ¥ = 5.18,
Nozzle, p, = 4.5 atm, T, = 333°K,
Pigure 5. Shedowgraph and Bchliefen Photogravphse ol
=3 Plow in ths Wedgs Nozzls.,
Pigurs €. Mach Fumber Variation in Nozzle Exit vs
Time for Changing Coolant Rate p, = 10 atm,
Pigure 7. Sgatic Pressure Disgtribution 2long Centerline
of Fozzle Sidewsll, M = 7.0, po = 10 atm,
To = 593°K.
Figure 8, Xach Number Distributions along Surveys in a
Plane One Inch Upstream from the Nozzle Exit,
Po = 10 atm, T, = 593°K,
! Pigure 8. Comparison of ﬁeasured and Calculated Boundary-
. Layer Growth along Noszzle Wall,
! Pigure 10. Measured Turbulent Boundary-~Layer Profiles with
g : Eeat Transfer at a Froe 8treaw Msch Rumber of 7.
-- ' Pigure 11. The ut , y* Representation of the Meagured
= Veiocity Proiiles at = 7 and Comparison :
: with Theory. =
; Figure 12, Temperaiturs Distribution in Noxzle Inict at
Three Different Levels of Supply Temperature
. (Temperature in °K).
i Figure 13. Nozzle Wall-Temperatures Near Throat (Station
; No. 13) at Various Supply Temperstures,
. Po = 10 ate, My = 7.6. Cooling Rate: 6.5
Gsllons/Mic.
Figure 14. Nozzle Wall-Temperatures Near Throat (Station
No. 13) at Various Supply Pressures, T, = 610°K,
= 7.6. Cocling Bate: 6.5 Gallons/Min.
Figure 15. Wall Temperatures at 2 Stations, Teuperature
Gradient in Wall, and Extrapolated Surlace
Temperatures of Nozzle K; = 7.8, po = 10 atm,
To = 5830K. Cooling Rate: 6.5 Gallong/Min,
Figure 16. Wall Temperatures at S Stations, Temperature ; !
Gradiesnt in Wall, and Extrapolated Surface i T
Temperatures of Nczzle, Mg = 7.6, po = 20 zta,
To = 593%K. Cooling Rate: 6.5 Galgonsiﬁin. |
Figure 17. Isctherms in Nozzle for M; = 7.6, T4 = 593°K,

P Y e

N Po = 10 and 20 atm, Cooling Rate: 6.5 Gallons/Min. . !
v
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Kozzle Wall-Temperatures as Function of
running Time 2t Boand«ry-Layer Survey Station,

Hg = 7. 6 p 21.4 atm, T, = 593°L. Cooling
Rate: 8allons/uin
Temnerature Dceop in Nozzle Wali H. = 7.8

Po = 21.4 atm, To 5830K.
6 5 Gallons/Min.
Tempoerature Incrsease of Coolipg Water as
Function of the Cooling Rate for Tunnel
Operation, = 8.0, p, = 20 atm, T 600K,
Heat Flow Rale to Coollnz ¥ater as Bumction
of Cooling Rate for Tunnel Opeﬁgtion.
8.0, n, = 20 atm, T 600°K
Cgolant Tube Positione an Diaensions Used in
Heat-Transfer Analysis.
Yariation of k/ke with Coolzat Tube Size and
Position,
Determinirg Nozzle Suxrface and Coclant Tube
Surface Texperatures.
Velocity gistribntion along Nozzile, H = 8.9,
600°K.
Acceleration Distribution along Nozzie,
x 8.0, T, = 600°K,
at-Transfer Coefficient Distribution
Assuming Laminar Flow and Heglvctxng

the E22s3cis of Pressure Gradienis, g = 8.0,

T. = 600°K, p, = 20 ata,
Eéat-Transiey Coefficient Distribution
Agsuxing Turbulent Flow and Neglecting the
Bttects of Pressure Gradients, ¥; = 8.0,

To = 60C°E, p, = 20 atm,

Growth of Honentul Thickness Assuming Laminpar
Flow and Including the Effect s of Pressure
Gradients, g = 8.0, T 600°K, p, = 20 ata.
Heat-Transfer Coefficignt Distribu ion Assuming
Laminar Flow and Including the Effects ot
Pressure Gradients, H; = 8.0, Ty = 600°K,
GRowth of Komentum Thickness Assuming Turbulest
Fiow and Including the Effects of Pressure
Graciente, - 8.0, 7T 600°K, p. = 20 atm,
Hoat-Transfel CoefficiSnt Distribulion Assuming
Torbulant Flow and ancluding the Effects of
Pragsure Gradients, ~ €00°K, p, = 20 atm,
Corpariscn of Eeat-Tranafer Coe?ficients hoving
Effect of Type of Boundary-Leyer and Pressure
Cradients. = 8.6, T 60 20 stx,
installstion®of ThermoSouple Plug In Nozzle Block.

Cooling Rata'
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NOL HYPERSONIC TUNNEL NO, 4 R3ISULTS V:
. EXPERIMENTAL AND THEORRTICAL INVESTIGATION OF
A COOLED HYPEBSONIC WEDGE NOZZLE

INTRODUCTION

3 1. During the imitizl plauning phase (:rsference 1)
i of the NOL 12 x 12 cm Hypersonic Wind Tunnel (Figure 1),
it was decided to use two plane blocks as 2 nozzle
' (Pigures 2 snd 3) producing a continucus expansion of the
i air. The Kach nushex in any sectior of such a 'wedge
nozzle", and in pariticular, the maxizunm EKach number in
the exit saction can then be egsily varied by varying
the nozzle area ratio only. This feature appeared tc be
advantageous for the gtudy of such basic phenomena a3
ais condensation (reference i), needed pressure ratios
to operste at high Mach numiars (refersnce 39), etc.
It was plaaned to later attempt the design of a nozrle
producirg unifors flow in a greater region fur testing
larger models. Anotker reason for thc initial selection
. of such a simple nozzle wag the fact that boundary layer
corrections of theorctical) potentiai fleow nozzie walls
designed to produce such uniiork fiows are insufficiently
T . known at high 3ach aumbers.

2. Experi=zentation with t~o types of wesdge nozzles
during the last 2-1/2 yesrs has shown that these nozzles
produce satisfactory flow, and a theoretical and experi-
mental discussion of the nozzle performance with some
comparison with uniform fiow nozzles will dbe given in
gsection II of this report.

3. To prevent air condeasation in the wind tunnel at

high Machk anumbers, the supply air must be preheated. Even
highly purified air does not supercool appreciably (ref-

: arence 2) in coantrast to the well known case of rapid

’ expansions of water vapor in nozzles (reference 3). It

] is therefore advisable that ths expansion of the air in
the tunnel does not enter the condensation region. Wiad .
tunnel supply temperatures and pressures for such oper=iion : £
are given on Figure 8 of reference 4. Although these R
temperatures are much lower than those wvhich would gimnlste N
actual free-flight atagnation ltemperatures (compare FPigure 1,
referance 5), they are high enougk to pose a severe

TPV

o
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technical probles at Eacih numbers above say M - 8,

At the peak Mach numbers for practicable tunnel oper-
ation, one may thorefore weil resort to extreme
purification to ohtain soms supsSs-Covling and resuitant
saving in reating as pointed out by Nagamatsu (refercnce 2).
In this report we will deal, however, mainly with Mach
nunbers of the order 7 t> 8 where a moderate supply
pressure range from 5 to 30 atmospheres at temperatures

of the order 300 to 4009C =zkss continuous tuanel

operation quite practical.

4. During operation at clevated supply itsmperatures,

all components of the tunnel are being heated by
conduction, forced convection and radiation. The nogzzle
end test section walls, for example, will tend to reach

a temperature close to the recovery temperature after
some time of operstion. This recovery temperature is

in turn of the ordes of the ~ur~iy temperature. Depending
on the lozal rate nf heat tranczfer 2rom the flow, the
locally Silferent heat capacity of the tunrel components,
etc., the equipment will become non-uniformly hot. An
example of such uneven heating of the nozzle surface and
other components i3 given on Figures 4 and 8 of reference 5.
It can be seen that the throst of the nozzle heats up much
mcre rapidly than the nozzle end (compare section V). If
supply oy emsure and temmerzturs ars neld consiant for a
fixed Mach rumber, cne expacts that finally all tunnel
componente will reach some constant temperature. Such 2
constant temperature could not be attained in our tunnel
after several hours of operation. On the other hand, the
slowly increasing temperatures of all tunnel components
cause warpage of metal parts, breakdown of gll1 rubber
based scals, glass breakage, etc. Warpage is particularly
effective at the narrow nozizle throat whare small area
changes result in major HMach number changes in lthe test
gection, (see section I1). In order to avoid these
difficulties, retain the flexibility of Mach number change
inherent in a two-dimensional wedge nozzle, and rapidily
attain a constant temperature and geometry, & nozzle
water-cocoling system was designed and built, (Figures 1,

2 and 3). It was further found that the top of the test
section frame had to be cooled (Pigure 1) to obtain fixed
base points for the nozzle bed. With such an arrangement,
the following is found (see gsectiors II 2nd 1IV):

2
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Most of the nozzle surface cemains near
room temperature at all times. (In

our tunnel the cooling water discharge is
of the order 10 gallons per minute.)
Constant Macii aumber readings in the

test section are attained after a few
miputss of operation,

The tunnel can be operated continuously
for hours.

Materials, gasketg, etc. do not undergoe
vermanent changes and all operating
conditions can be repeated accurately.

5. The following sections of this NAVORD report give
an account of some of the theoretical and experimental
work dome to date on this nozzle.

II. ©NOZZLE DESIGN AND PERFORMANCE

6. Design Problers of Hypersonic Nozzles. The aero-
dynamic design of & potential 210w nozzle for Mach

numbers above 5.0 is the same as that for conventional
gupersonic nozzles., There are several methods (all

based on theory of characteristics) for determiniag

the contours cf both two and three-dimensional nozzles.

A two-~dimengsional nozzle can be designed by the graphical
mathod of Prandil and Busemam (refesrence 6) or by tie
semi-graphical method given by Puckett (reference 7 and 8).
These methods are tedious and are subject to grapnical
error especially in the hypersonic range for which the
characteristic net tecomes greatly elongated. The
analytical methods of Foelsch (reference 9) and Atkin
(refersnce 10) are usually preferred for practical reasnns
because they are more accurate and can be used on high
speed computing machines. In the three~dimensional case
the design is couplicated by the fact that the characteristic
net in the hodograph plane has to be determimed step by
step along with the net in the physical plane, However,
for axially symmetric flows there are available several
graphical, numerical and analytical methods (see raferences
11, 12 and 13). A three~dimensional nonzzle of arbitrary
cross-section can be obtained by tracing the stream lines
that outline the area throughout a known axially symmeiric
flow (see references 14 and 15). Thic method has the
disadvantage that the cross-sectional shape so obtained

3
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varies along the nozzle thus making it difficult to
fabricate. It may be possible te correct the surfaces
to give &8 constant cross-gsectional shape by a linearized
method oZ characterigtics such as given by Ferri in
reference 16. Apother type of three-dimensional nogzle
amnloving a cauars throat and expanding in ¢wo stogeg,
first in one plane then in the plame at right angles,

is described in reference 17.

7. OUne of the main prectical problems in hyperxrsonic
nozz!e design is the achisvezent of a smooth flow through
the nozzle throat. For high Mack numbers the ratio of

the test 8sction area tO thiroat area becomes very larxge.
As a result for medium sized tunneis tha throat must be

a narrow slit or some configuration of equivaleat area.
This is illustrated in the table below. The throat

must therefore be machined very accurately. The
mechanical design is further complicated by the possible
warpage of the throat due to the high surface temperatures

TABLE 1I-I

Throat and Exit Areas for Two and Three-Dimensionszl
(K = B) Nozzles.

nzzle 2et Aras Throat Arag

Two-dimensional // 12 x i2 cm — 063 X 12 cm

Axialily Symmetric 12 cm dia. @ .87 cm dia.
Square taroat and //C%/ 12 x 12 ¢ )] .87 x .87 om
exit plane Yo/

that can occur in this region during "hot" tunnel operaticn
(see section IV and V). Also the subsonic section sust
usually withstand high pressures while in the supersonic
portion the pressure is very low. (The NOL hypersonic
tunnel nc. 4 cperates at supply pressures up to 30 atm).
Righ supply pressures are required in order to have
continuur flow in the test section at high Kach numbers.

4
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8. A two-dimensional nozzle was Selected for the NOL
hypersonic tunnel for the followiay reasons. (1) Nozzle
boundary~layer corrections are rot accurate at high Mach
numbexrs (primarily due tc the lack of skin-friction data,
gee reference 15). In the two-dimencionsl case ths
boundary layer can be allowed for approximately, by ad-
justing the nozzle blccks. For an axially symmetric or
square nozzle, on the other hand, errors in the boundary-
layer correction resulting in poor Mach number distribution,
would require remachining thke surfaces or discarding the
nozzle. (2) Disturbances in an axially s mmetric nozzle
tend to focus along the axis. (3) A two-step, three-
dimensional nozzle is unsatisfactory (see reference 17)
because of houndary-layer affects. (4) The cost of
fabricating a three-dimensional nozzle is considerably
higher thza for a two-dimensionzl nozzle.

9., Por the initial tests in the hypersonic tunnel a
two~dimensional wedge nozzle (straight diverging walls)
was chosen in preference to a uniform flow nozzle.

With this wedge nozzle a wide range of Mach numbers can
be achieved by simply changing the throat opening without
introducing disturbances due to incorrect nozzle contour,
The flow in a hypersonic wedge nozzle, for small wall
angles, closely approximates two-dimensionalsource flow
{constant properties along circular arcs with centers
roughly at the throat). In a uniform flow nozzie, on thes
other hand, the flov expands slowly along the nozzle
walls as compared to that along the axis, This produces
relatively strong "cross-flow" pressure gradients which
cause the bouadary layer on the sidewalls to build up
along the centerline (references 19 and 20). Also a
wedge nozzle of the same length 2nd Mach number, as a
uniform flow nozzle, has a smaller maximum wall angle.
This reduces the possibility of fiow separation.

10. Previous investigations in a minimum length uniform
flow nozzie designed for ¥ = 5.18 have sihown that a small
radive at the throat can lead to such Fflow geparation and
shock waves (sce Figure 4). Here the throat radius is
about 1/16" and the wall angle siightly downstream of the
throat is 36.2°., In order to mirimize this effect, the
throat of the wedge nozzle was formed as a cylinder of 3/8"
radius and the wall angle was kept to approximately 5-1/2°,
Shadowgraph and schlieren photographs of the flow near the
throat of the wedge nozzle for a Hach number setting of 5.0
are given in Figare 5. (This setting corresponds to the

5
UNCLASSIFIED




LR

Py

2 v s arwa s B cor snecsms 4

UNCLASSIFIED
NAVORD Report 2701

largest throat opening possible with the present nozzle).
From these photographs we can see¢ that there is no
separation or large cdisturbances in thie flow field. The
triangular pattera appearing ir the sichlieren photograph
agrees ronghly with that found graphically by the method
of charscteristicg. The distortion of the thzoat i the
shadowzram is optical and is cdue to the large density
gradients in this region of flow.

11. When the tunnel is operated at high supply temperatures
th2 nozzle blocks bhecome heated and tend t¢ expand, par-
ticularly in the throat region where the rate of heat
i{ranefer is large. The expansion is inward because the
tunnel casing, to which the blocks are attached, remains
relatively cold. As a resuli the throat area decreases

and the nozzle exit Mach anumber increases with time. By
introducing a cooling system (see Figures 1, 2 and 3) the
nozzle dimensions cen be kept coanstant after a short period
of operation (For po = 10 ata, T, = 593°K and ¥ = 7.0 the
nozzle blocks reach equilibrium atfer about ten minutes of
operation). The sensitivity of Mach aumber to coolant rate
ig illustrated in Figure €. It can be seen that without
any nozzle cooling the Mach number increases with time.
Nozzle cooling also -tends to ksep the boundary-layer
characteristics constant with time,

12. Flow Calibration. An example of the flow calibration
will Be glvan for a Hach number of 7,0 only, However, ths
results ars generally true for other Kach number settings
This particular setting corresponds to that chosen for the
boundary-layer survey and the heat-transfer measurements

given in sections III and I¥.

13. The flow in a plane 1" upstream from the nozzle exit
was surveyed with pitot and static pressure probes. Static
presaures along the centeriine of the nozzle sidewall were
also msasured. The pitot probes were made from .095"

hypodermic tubing witk a wall thickness o2 .01". The static

pressure probes were made from the same tubing with an 80
cone attached to the tip. Four .025" orifices were located

2J probe diareters aft of the shoulder. The static orifices

in the nozzle sidewall hud an opening of 025", In order
to messgure the low static pressures near the nozzle exit

(of the order of 2mm Hg) it was necessary to use a silicone
oil micro-manometer equipped with an optical reading system.
This instrument has an acguracy of better thaan 1/2% in the

€
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range under consideration. A precision mercury manometer

or calibrated aneroid type gauges were used for measuring
the higher pitot pressures.

i4. A plot of the static pressure distributior alczg

the centerline of the nozzle sidewall in terms of the
supply pressure, for an exit Mach number of 7.0, is given
in Figure 7. There appears to be a smcocoth expansion along
the entire length of ithe nozzle. The pressure gradient at
the nozzle exit corresponds to a drop in Mach number of
about .02 M/cm. This compares with the value of .03 M/cm
derived from one-~dimensional theory assuming inviscid

flow throughout the nozgzle in which case the growing
boundary layer on ths nozzle wall is neglected.

15. The Mach number distribution for various traverses

in a plane 1" upstrean from the nozzle exit as determined
from pitot and static pressure measurements at the identical
location using the Reayleigh formula are given in Figure 8.
The maximum variation in Mach number, outside of the
boundary layer, is 2%. Ia earlier surveys it was found that
there were disturbances in the flow origination near the
junctions of the noszle throat with the sidewalls. By

using metal to metal s/:als between the nogzzle and sidewalls
these disturbances could be practically eliminated as
indicated by the smooth Mach number distributions. From
these measurements we find the stagnation pressure loese
tnroughout the nozzle to be about 4%. A schlieren
photograph of the flow in the nozzle exit for a Mach number
of 7.0 is given in Figure 5.

16, Boundary-Layer Growth. If at some station along the
nozzle the Mach number in the {ree stream is known then
ve can sstimate the boundary-layer displacement thickness
on the nozzle walls by comparing the flow area obtained
from isentropic flow tables with the geometrical area
anclosed by the walls. (A one-dimensional analysis is
sufficient here since it closely approximates the two-
dimensional analysis for a wall angle of only 5-1/20,)

In the calculations we assume that the boundary layer is
ot equal thickaess on all four walls and zero at the
throat (in seztion V the displacement thickness is showmn
to be about .v05 mm at the throat), Also since the
stagnation pressure loss in this nozzle is small, we can
datermine the flow area with good accuracy from simply
the ratio of the static pressure to the supply pressure
using icentropic flow tables. Therefore, for each static
pressureo measurement on the nozzle sidewall we can obtain

7
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3 displacement thickness. The growth of the koundary
layer displacement thickness along the nczzle obtained

in this manner is conmpared to that calculated by Tucker's
method (rererence 18) in Figure 9. 1In the theory the
walls are assumed to be thermally insulated, whereas the
actual nozzle walls are cooled. This probably accoun's
for the experimental values deing thinner (i.e. increased
density near the wall) than those calculated by the
theory. The displacement thickness determined directly
from the boundary-layer survey (see section III) fits

well with the other experimental points. It is interesting
to note that the total thickness of the boundary layer at
the nozzle exit obtained by Tucker's method is 24 mm

which is clogse to the 26 =mm measured in the boundary layer
survey.

IIX. TURBULENT BOUNDARY~LAYER CHARACTERISTICS
AT END QOF NOZZLE

17. In addition to the indirect determiration of

growth of the digpiacement thickness along the nozzle

wall discussed in the last section, a detailed survey

of the boundary-layer proiiles at one point was undertaken.

A survey was made perpendicular to the west nozzle wall one
inch from the nozzle exit. The data were unaffected by the
juncture of nozzle end and first diffuser plates. Since

the position of the transition point along the nozzle is still
unknown, it is interesting to mnote that at this survey station
a fully developed turbulent boundary layer was found. The
pertinent rcsults are summarized in the followiag table.

TABLE Il1I: Boundarv-Layer Survey

Station: Center of west nozzle wall, 1" upstream of

‘ nozzle exit.

Supply pressure: <4 = 10 atmospheres

Supply temperature: T, = 593°K (50° above that temperature
needed to avoid air condensation
throughout.)

Wall temperatuie at survey station: Ty = 316°K (cooling

system in operation) .

Freoe stream temperatwre: Teo 569K (Ty/Tee = 5.7)

Free stream Mzch number: M, 7.0 ¢ 0.01

Free stream velocity: Ao 1040 w/sec

Free stream Mach number gradient: Appr.0.02 M/cm (compare

section II)

8
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Reynolds number based on displacement thickness:
Re (§* ) = 43,000
Re based on equivalent £lst plate lengtk (calculated):
Re (x) = 107
Boundary~-isyer thicknessf; at poiut whers 44 = 0.8995%Wx,
- 28 nm
Dispiacement thickness: $* = 10.5 ae
Homentum thickncse: S = 1.24
Energy thickness (see section V): = 2.78 mm.
i8. The above data wore taken ia tae following manner:
Staztic pressure was measured by a hole 1/2 =z diameter
in the wall and by a 59 cone-cylinder static probe in
the free streim just outside the edge of the boundary
layer. (Silicone cil manometers of about ¥ 2 microns
measuring accuracy during tunnel operation were used.)
Since agreement between these two static pressure was
found to be of the order of i per cent, a con.tant value
of static pressure wa2s assumed to exist through the
boundary layer.

19. Pitnt pressure was surveyed from wall to free stream
with a flattened hypodsrmic tube of about 0.18 mm opening.
This opening is large enough t/, avoid errors due to slip
flow sffects on the impact prossure Leazurement in the
region of Iow Reynolde numbars in the boundary layer near
the wall (reference 21).

20. TFrom measured pitot pressure and static pressure,

the local Mach number could be determined from the
Rayleigh formula (reference 8 p. 95). The Rzyleigh Mach
numbar is shown on Figure 10a. (The assumpiion of the
validity of the perfect gas law implicit in this evalustion
and the ugse of ¥ = 1.4 is warrsnted in cur range of
thermodynamic data (reference 22, Figure 18). The distance
from the mally, is pude dimensionless by the boundary-
layer thickness & = 26 mm. At the measured point closest
to the wall (‘y = 0.1 mm), the flow is still supersonic

( ¥ =1.3).

21, Total temperature was surveyed with a shielded,

total temperature probe. This probe was calibrated in

the free stream in approximately the range of Hach numbers,
dengities and temperatiiiree encountered in the boundary-
layer measurements. The probe recovery fasctor

r = :IL:::EQ.
1; - T

]
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is smaller than one because of insirumental errors due
t¢ radiastion and conduction Irom the thermocouple junction
to the surroundings. BSuch errors are particularly hard
to overcome at the high Mach aumbers (low test ssction
density) and high temperatures (large radiztion losses)
in question. Using the messured free siream rscovery
factor to correct the boundary-layer total temperature
=caguroment, we obtain Figare 10b. 7The measuroment
closesat to the wall was 2tAl & 2 xR, A linesr total
temperature diztribaiion was aszumed beiween this point
epd the measursd wall temperaturs. ¥rom the messured
Ezch number and toial tempersture, tho static tempersture
can be computed using the energy equation in the form

. T
T = ZiIM2 + | (111,2)

22. PFinally the velocity profile may be calculated
employing the definition of Mach number M = u/a » u/{¥ BT

and obtaining
- Mt
v Mot T (111,3)

This velocity profile is showa in Figure 10¢ which includes
the results of fcur iadependent runs. A 1/7 - power
profile iz indicated for comparison,

23. 8ince all Zlow properties in the boundary layer are
now known | the integrands in the equations defining
displacement, momentum and energy thickness, (see gection
VI), could now be calculated s&nd plotted. The integrals
themselves were determined using a planimeter. The resultis
are given in Figure 10 and Table III,2. Comparing these
ratios tc those given by the estimates of either Tucker
(references 18 and 35) or Eckert (reference 24) for the
insulsted f£let plate case at the same Moo , wo f£ind the
fcllowing qualitative effects of heat translsz to the wali:

TABLE I11I,2
B =7
3stimate (reference 18 or
Measured Case: 24), assuming insulated flat
Tw/To = 5.7 plate; Pr = 1, 1/7 - power

profile and Ty/Tee = i¥.8.

.61
0027
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The direction of deviation of the measured values

from those derived theoretically is expected from

the increased density near the wall in the experi-
mental case with heat transfer. (Cooling of the wall

has an e¢ffect qualitatively somewhat similar to suction.)

24. The Reynoldz number based on free stream conditions
and displacement thicikness is 43,000. On the other hand
an estimzte of azn equilvalent flat plate Reynolds number
was made assuming that free stream conditions cf the
survey station would have prevailed outside the boundary
layer of an equivalent flat plate. Using the incompress-
ible formula for boundary-layer thickness as function of
Reynolds number or that obtained by Eckert (reference 24,
equation 37) for a compressible case with unalteraod
velocity profile and no heat transfer, we obtain a flat
plate Reynolds number of the order 107. Conversely, our
survey station would correspond to that taken on a plate
with a turbulent boundary layer of about 1.5 m length

and our free stream condition. Our small tunnel may then
be taken to simulate conditions in a large tuamel capable
ol operating with a flat plate model 0f suck length
successfully, if the small pressure gradient and previous
boundary-layer history do not affect a fully developed
turbulent bouncary layer.

25. 1In section IV it will be seen that the temperature

1z blocKs drops linearly with distance
from the surface after a steady state of supply conditions
and ccoling system operation has been reached. The time
history of such a measurement is shown on Figure 18. A
cut paralliel to the T - axis through this figure at some
time produces plots of temperature distribution like that
givsn on Figure 19. Since the heat conductivity of the
nozzle material is known, the rate of heat transfer per
unit area at the bouncary-layer statioa could be determined

q=r

(111,4)

On the other hand the heat transfer coefficient is defined by

qd= /?\(Te - T\A : (111,5)

11
UNCLASSIFIED




g
g .g.pqm Sy '4k ;—
‘9 :

UINCLASSIFIED
NAVORD Report 2701

26. We could now determine the Stanton number (some-~
times called dimensionless heat transfer coefficient Cp )

from /g\. _ (d‘r/A

Ct =
o 0 A C.e a_(T —Tw\ > (111,6)

v-,‘: o = VF\ w\-e

if we knew the insulated flat plate temperature, Te.

However, since T, & T, < 600°K, we were not able

to measure itg value at present. We therefore calculated

Steo in twvo ways. First we take <the known approximate

exprescsion for the turbulent recovery factor (reference 25)
r= P . We then choose Pr = 0.73 based upon

thermodynamic properties near the wall aud obtain T, = 5338°K

and St.o 0.00075. Secondly by using Pr = 1 (and thus

Te = 593°K), we obtain St, = 0.00061.

27. To obtain the local frictilon coefficient we apply
ithe relation {(given in reference 26, equation 20).

Ne=SP= RSB, ann

<O

which may be transformed into

Ce — St Dz/3 i

'3_. Al (111,8)
Using (II1,8) we obtain numerically C; = 0.0012 for both
combinations of P, and T, discussed above. We now calculate
the shear stress at the wall .

W

2
— °0
= C*” = Yoo (111,9)

28. Finally, it is pcssible to use this value for the
representation of the velocity profile in tne parameters

'b
=2 Hew
Ty ._.T—— > and Y TN O (111,10}

{reference 27). These parateters are based on wall
density and kinematic viscosity since this plot is of

12
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greatest interest near the wall. PFigure 3 shows our
measurement with the region based upon interpolated
total temperature data given 23 a dashed line. For
comparison, von Karman's incompressible flow semi-
logarithmic law (reference 27) and assumed linear
veloclity digtributicon (= 2, ) in the liaminar
sublayer are shown., Finally a compressible flow
profile calculated from equation 72 of van Driest's
analysis (reference 25) for our K ¢ and Tw/Tes i3
given. Aside from other aseumptions irherent in

van Driest's ansiysis, the calculated profile has the
boundary condition 4Ah = 44, at y = § , matching
the measured profile at this point.

29, Summarizing, it may be stated that the boundary-
layer characteristics near the nozzle exit are quite
similar to thogse encountered in incompressible turbuient
boundary layers. Although the heat transfer to the wall
does not affect the velocity distribution materially, it
alters the relative magnitudes of displacement and momentum
thickness with respect to the insulated flat plate case.
Finally, cne cannot discern a laminar sublayer from our
data possibly because we were unable to take total
temperature measurements in that range which is roughly
coincident with the estimated extent of the inconpressihle
laminar sublayer.

IV, MEASUREMENT OF SURFACE TEMPERATURES
ARD TOTAL HEAT TRANSFER

30. Any experiments to determine recovery temperatures,
heat transfer data, and many other types of investigations
rely upon the accuracy with which the wind-tunnel supply
temperature, Ty, is known. The correct reference T, is
agsured if the supply temperature is uniform and constant
over practiczlly the entire nozzle inlet cross-~sectioa.
The achievement of such conditions, Pigure 12, was there-
fore a prerequisite to the experiments described in the
following (reference 28).

31, Due to design (cooling systemr) and operationzl range
(high N, high T,) of the hyparsonic tunnel, experimental
arrangelents to obtain wall surface tenperatures or
overall heat transfer data have to be different from those
used at other places (reference 29). There is some

13
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question about the precision that can be obtained if
surface temperatures are measured with a temperature
gradient in the nozzle wali induced by the nozzle
cooling system. However. the results obtained show

that practically steady-s:ate co.ditions are reached
within a fow zinutes zlticr starting a tuamel rum, and
that errors due to conduction and radiation are probably
of the same order of magnitude as the experimental
scatter of the data.

32. Measurement of Surface Temperature. With the
nozzle cooled by a measured rate ol water flow through
the cooling system (see sectionix), a steady-gtate
temperature distribution will be established in the
nozzle wall. This distribution is a function of the
temperature; pressure, Mach number, coolant flow, etc.
of the tunnel operation. Depending on these variables
and the amount of preheating done through the by-pass,
it will take some time until practically steady-state
tenperatures are attained. If there are nc seriocus
son-uniformities in the wall material, no strong
temperature gradients in the nozzle in the z-direction,
and if the nozzls wall can be practically treated as a
slab of fixed dimensions, then the temperature in the
nozzle wall will drop linearly with distance from the
nozzle surface. By measuring the temperatures at
various depths, it should then be possible to obtain

”» T +hdee
-~ aa

was s ey

faghion one avoids the insertion of measuring elements
that may disturp the flow on the nozzle surface.

33. Temperatures of the nozzle wall can be measured

at any of 13 points along the center line of each rozzle
block with four thermocouples imbedded into the nozzle
wall at various depths from the surface, (see Figure 2).
To make installation and exchange of this arrangement
nore convenient, the thermocouples were inserted in
separate plugs (see Figure 34). These plugs were ground
to 2it appropriate bholes in the nozzle wali. With the
plugs made of the same material as the nozzle wall, it
is assumed that they do not cause a greater disturbance
of the temperature field than does the presence of the
thermocouples itself. To reduce conduction errors along
the thermocouple wires in the plugs, they are led for a
certain length behind the junctior parallel to tze nozzie
surface, in the direction c¢f the z-axis,

14
UNCLASSIFIED




. wapia e amr ot

B

e maaaie
DR LT T I

« Ry

UNCLASSIFIED
NAVORD Report 2701

34, The e.m.f. output ~f the thermocouples is
neasured wit& Brown temperature recorders (model
153%X11P28A1)+ (Superscripts refer to the list in
secticn VIII) or a K-2 type Leweds and Northrund
potentiomeier, doponding upon the temperature
difference acrops the nozzle wall and the accuracy
required, With the Brown recOrders tane temperature
of the individusl points can be read to* 0,30C
{reference 28). Using the K-2 type potentiometer
wall temperatures and/or wali temperature differences
can be read consistently to within 0,01°C during actual
aperation of the tunnel.*

35, Host of the tests described here were made with

the cooling rate adjusted to 6,5 gallons per minute

per nozzle block, With this rate practically steady-
state readings are achieved in a few minutes, (A

change of this cooling rate just gives a displacement

of the temperature level.) In this case the cocliing
water passed through two passages near the throat

(Figure 2), One passage at the nozzle exit was partially
open and all the remaining ones were closed. Measurements
of surface temperature at Mg = 7.6 given here as _example
cover the temperature range 340°k S T, S 615°K
(Figure 13) and the pressure range @ ate = p; < 15 atnm,

~—

(Figure 14). These measurcments were taken near the nozzle
throat and it can be seen thaet in all cases the nozzle
surface temperature (distance = 0 cm) is comsiderably

below the tunnel supply temperature aand equal to or

slightly higher than room temperature. An increase in
supply pressure (Figure 14) and in supply temperature

(¥igure 13) causes anr increase of the stea‘y-state nozzle
surface temperature due to the increased rate 2f heat
transfer for a fixed rate of coolant flow. Maasuremeats at
given po ar T, at nine stations along the center line of the

2This accuracy requires the use of selected, calibrated
thermoccuple wire, same wire material from hot junction
t0 ice bath, Cu-wire from ice bath to potentiometer and
galvanomster (i.e. the same as used witkia these in-
struments), careful aad repeated baiancing of the
potentiometer circuit, ackieved with lLeeds and Northrup
standard cell and a ¥iliard constant potentixl storage
battery), and finally a stable reference ice bath.

15
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nozzle surface {Figures 185 and 16) were asvaluated to
extrapolate nozzle surface temperatures, wall temperature
gradients (Figures 15 and 16) and to construct isotheraes
through the nozzle wall, (Figure 17). Finally measure-
ments of wall tumperatures at the boundary-layer survey

oA L] ~ ddl Lidwhaa
?t.:;.:c.': aono F%m-“n Q\ wexe rcrvatCu Wava AT y..o\.-a.u.a.vu

using the K-2 type potentiometer. The results indicate a
silow increase of the temperature at each tharmocouple
loatica with time, (Figure 18). This is possibly due

to tae fact that exact steady-state conditions cannot be
reached, a3 long as radiative heat transier from the un-
cooled sidewalls whose temperature increases slowly

during the test is present. However, the fact that this
temperature change is only about 0.79K in 3/4 hours permits
us to consider operation as practically stationary.

36 Assuming no longitudinal heat conduction in the
nezzle wall, complete insulation of the nozzle block frum
sidewall and test section frame (a fact that is very
nearly true), absence of radiation effects, etc.,
tenperature-depth curves such as shown may be used to
determine the local rate oi heat transfer. (The rate

of local heat transfer per unit area is given by the
product of heat conductivity of the material times the
temperature gradient) (see equation IIX 4).Pigure 19 is

& cross-plot of Figure 18 averaged for 10 different
abscissa values to eliminate the small time effoct. With
¥nsoel - 50.4 keal/h m OK and AT/Ay = 48.1 OF/m from

-

Figure 19, we find a local rate of heat transfer per

unit area q = 2424=73 kcal/m2 hr at the bounuary-layer
survey station ( Moo = 7). This rate of heat transfer

at the test section is very low in contrast to the throat
region, mainly due to the low test section density.
(Compare e.g. the heat output of 675 kcal/m? h from a
steam radiator under standard conditions, i.e. rcom
temperature 24°C, steam temperature 1100C, reference

30, p. 91).

37. Teats to determine the total rate of heat transfer
require again a constant p,, & constant and uniform Tg

and o steady-state temperature distribution across the
nozzle walls. The gquantities to be measured are the
coolant rate, the temperature of the inceming or outgsin
coolant, and the temperature increase of the coolant.

The coocling rate is measured with a Flowratoux, {see section
IX), after the coolant pressure is equalized in the lines
to both nozzle blocks. The temperature of the incoming

16
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WATER HEAT FLOW RATE
COOLING RATE  TEMPERATURE (6.27x10'2§A,_TxC00LING RATE)
(GALLONS/MIN) INCléEASE (10¥ KCAL/HR)
(*K)

20 ATM Tg 600°K

0.8% 0.5% 2.25%
0.9% 0.5% 2.23%

5.3 *0.9% 0.6%

5.2 1.0% * 0.8%

3.9+ 0.8% 0.8%

3.82 0 %% 6.7%

2.64& 1.9% 0.6%

2.854% 0.8% 0.9%

1.4% 1.5% 0.6%

Mg = Po::lOATM

6.3% 2.3% 0.92% 2.2%

TABLE I-1IV SUMMARY OF BESULTS OF TOTAL
TRANSFER MEASUREMENTS

17a
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and outgoing water is measured ip the center of the
inlet duct and in the center of noth outlet ducts,
respectively, with 30 gauge I1.C. thermocouples., The
thermoccuples. ave immersed into the water for sbout
2.5 cm, with the unsupported portions coated with
Gleptal and zzzled into the suppori. pPecause of the
range of temperature differences involved (order of
19 to 109C), the thermocouple e.m.f. is measured with
the E-2 type potentiometer. Measurements at varicus
cooling rates, 1.5 gallons/min to 6.5 gallons/min

per nozzle block, were made for M, = 8.0 and pc = 20 atm,
Ty = 600°K (Pigure 20) the conditions for which the
heat tramnsfer will be calculated in the next chapter.
The results are given in Pigure 21 and Table I.

38. The errors given in Table I are those resulting
from the scatter of the experimental data. Estimates
ghow that in comparison to them errors due tc coaductive
and radiative heat transfer to and from the nozzle surface
and surrounding boundaries can probably be neglected.

The nozzlae blocks are well insulated from most of the
surrounding wmetal parts by 2n air space, silicone rubber
seals, and only 2 small band of metal-to-metal contact.
(The temperature gradient across the metal-to-metal
contact is comparable to that existing in the subeonic
part of the nozzle, see Figure 17). Conduction erroxs
are therefore believed to be negligibly smali., Radiative
heat trangfer from the unccoclsd tunnsl wails can also be
neglected if the walls are kept smooth and urnoxidizsd,
For aa order of magnitude estimste of the error we assume

a pessimistic case where the sidewalls of the tunnel over
their entire lengths are at supply air temperature while
the nozzie walls are kept at room temperature, VWe assume
further that the total energy radiated from the sidewalls
is transferred to the ngzzle neglecting the geometry.

Using Qrad = A0 & (11" - To4) (reference 31, p. 215),

with A = 360 cm? for the gidewall area, thﬁ Stefan-~-Boltzmann
constant o = 1.37 x 1012 cal/sec cm2 ©K » Tgidewgll =

GOOOK, Tnozzle = 3000K, we Obtain Qr d ot 22 kcal/hr if
+*he emittance of the sidewalls is 0.?. This upper bound
of the radistive heat transfer from the sidewall to the
nozzle surface amounts to only about 1 per cent of the
total measured heat transfer across the nozzle wail,
(Table I), and may therefore be negiected.

17
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V. THEORETICAL HEAT TRANSFEE CALCULATIONS AND
COMPARISON WiTH MEASUREMENTS

39. Since the air flcwing through the tunnel is heated
and the rozzle walls are cooled, there is a continual
flow of heat from the &air, through the nozzle wall,

into the cooling water. A steady-state heat transfer
analysis can be applied to this prontlem (see section 1V).
This analysis can be subdivided intc the follcocwing parts.

(a) The heat transfer by forced convection from
a high velocity, compressible fluid to a
plane wall.

(b) The flow of heat by conduction in a homogeneous
solid of a particular geometry.

(c) Porced convection to water flowing through tubes.

(d) The transier of heat by radiatiion from the
uncooied sidewalls to the nozzle walls.

The amount of heat transferred by (d) may be neglected
(see section IV).

A. Overall Heat Transfer

45. If we arsume that there are eifective adisbatic
planes midway between the transverse cooling passages
(Figure 22) and that all the heat which enters the nozzle

wall in the length A L is removed by the cooling water,
the overall heat transfer can be defined by the equation

= UA(T-T)

Furthermore, we have

L =Ll 4 P -
VA, A A Sh, A A
from, for example, refercace 32, page 136. The

quantities on the right-hand side of equation (V,1)
repregsent respectively the resistance to heat flow of

/

(v,2)

18
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the cooling water, the nozzle wall, and the air stream;
tkey are discussed in detail below.

41, PHeat transfer to cooling water. The heat transferred

to the cooling water per unlit area of nozzle surtace is
iven by

ol M CR AN

I2 calculating h, we assume

(=) that the entire surface of tke cocling
passage iz it the same temperature Ty,

(b) that the temperature rise of ths watsr
is smalil suocugh to neglect the change
of u, , and Pr with temperature, and

(¢) that the water flow is turbulent (irue
for our Reypolds numbers). VWe select
the asat-‘ransfer correlation based upcn
experimentz] results for turbulent flow
thrcugh smcoth pipes suggested in
rcference 32, page 167.

- 08 -\ O4%
Nu"" O-.?,L%R r (v,q)

Substituting the following ralues of fiuid properties
tsken at 14%C (the temperature of our cooling water)

=1.7286 x 10~3 kg/=6c m,
= 1,40 € 19”2 kcal/sec = © K, and
B .

in equsiior (V,4) gives

A= 7160w, v,5)

it should be noted that in equation (V,5) W, rafars to
the woighkt of water entexring the center of %be nozzle
block (see mection X-X, Figure 3). Half of this water
fiows through each smide of the cooling passage.

19
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Substituting equation (V,5) into equation (V,3) with
AL = 0.0190 m gives

ELepow™(T-T) e

42. Heat conduction in nozzle wall, The heat transferred
through & homcgeneous wall oF constant thickness is given

by

- . AAsT
1° =%

By analogy the heat transferred through the nozzle wall

can be formally defined as

= AL L (T-T)

where the effects of the coolsat tube size and position

on the heatl flow pattern in the wall are put into an
"effective conductivity" k,. Assuming the cooling paagsage
to act &8 a heat sink and uzing the method of images,

N. Hall found that for this particular case 1

ﬁé - A L j { 51;:};@/2‘44—) +(27?'6 /AL}

v,

(v,8)
Y g4 L.smnmrl/‘/:::Ai} J o
Equation (V,8} is shown gramhicslly in Figuve 23. In
our mogzle b = 0.0159 m arnd frea Figure 23, k/k; = 9.935.
it is sufficiently gecurate ¢¢ use a B9AN value of k.
Selecting 440°K ag a msan wail temperature glvas \

k = 0.012 kcal/zec m %K. and substiltuting these values
into equaticn (V,7a) gives

-’%- =0 325(7;,"7;) v,9)

45. Heat transfer fxom 2iy tc nozzle wall., The heat
+ranzlerrad to <¢he nozzio wall 18 delined as

£ =4, (T-T.) 10

The calculation of hy is a major problem in itsgel? and
will be considered in detail later on.

20
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44. Equations (V,6), (V,9), and (V,10) giving
alternative expressions for g can be considered a

system of tkhree equations in the three unknowns q,

Tws Ty and could be solved 2nalytically for particular
valueg of Te, T,, W, and h_. Alternatively, a graphical
form of trial-and-efror sclution using Figure 24 may be
=ors ussiul siuce it is usumily quicker than ap anaiytical
solution and gives a better feeling for the effects of
changes in the values of the parameters. To use this
graph a value of ¢ is assumed and, for the prescribed
values of W, and h_, this fixes T, - Ty, Ty - , and

Ty - Te- Tfie sum 8¢ these three %emperature differences
must equal the prescribed T - T,. If they do not, o
new value of g is chosen and the procedure repeated
until agreement is reached.

B. Csalculation of hy

45. The calculation of hg must be based upon the use

o2 the boundary-layer concept,i.e. the eifects of heat
transfer to the walls are confined to the portion of air
flowing near the walls leaving a core of air in the center
of the tunnel having the pressure and temperature corre-
sponding tc an isentropic expangion from supply conditions.
Unfortunately, it has not been possible to experimentally
determine the point of transition from a laminar to a
turbulent boundary layer in our wedge nozzle. It is

known that the boundary layer at the exit of the nozzle

iz turbulont {56c sectiom Iii); however, the strong
favorable pressure gradient and the extraction of heat
from the boundary layer are likely to deiay transition
(reference 33), and it is quite possible that the boundary
layer is laminar at the throat. For these reasons,
calculations will be made assuming either a laminar or a
turbulent boundary layer throughout for a typical case

lig = 8.0, po = 20 atm., and T, = 600°K.

45. The velocity distribution along the edge of the
boundary layer is given with sufficient accuracy by
agsuming one-dimensional flow based upon the geometric
area (see section II). This velocity diztribution is
shown in Figure 25 together with an outline of the nozzle
walls. It can be seen that most of the velocity change
takes place near the throat. This is shown again by
plotting the local value o2 air acceleration along the

nozzle (Figure 26); the peak value is approximately 10‘ g's.

21
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47. The simplest approach to the boundary-layer problem
is8 to neglect the presgure gradient (and any temperature
gradient) along the nozzle. ‘The nozzle is then hypo-
thetically divided into sections, each of which has a
different but constant velocity to which the flat plate
(i.e., zero pressure gradient) boundary-layer laws are
aprlied. This was done by calculating local values of
Reynolds number along the nozzle. The length used in
computing the Reynolds number was measured from the
nozzle inlet screen (the point shown as O meters in
Figure 25). The local skin friction coefficients were
found from

cg = 0.664 B:1/2 (laminar)
or _1/5
cg = 0.059 Re (turbulent)

depending upon the type of flow assumed. The heat
transfer was then assumed ¢uv be given by the modified
Reynolds' analogy (see paragraph 27)

2/3 <
St -7 = -ZL (¥,11)

where St is based upon free-stream conditions. The
heat trznsfer coefficient can now be found from
% »
- 25 (e A
’ga,"‘st‘.".’o“’:-gt A z 22 A

U

Using equation (Vv,611), Cp = 0.247 kcal/kg °C and Pr = 0.68
(for t= - 500°K),

(¥,12)

x*

A

A, = 2130 % ‘ (v,13)
is obtained. Since A*/A varies much more rapidly with
distance along the nozzle thercy, the heat transfer
coefficient will have its maximum value near the nozzle
throat (since A*/A is greatest at M - 1). This is shown
in the graphs of hy vs. x, assuming either turbuient or
laminar flow, given in Figures 27 2nd 28. Since the value
of hy given by equation (V,13) approaches infinity as x
approaches 0, it was felt that as our initial point was
chosen somewhat arbitrarily it would be undesirable to use
equation (V,13) too ncar it. Instead the value of hy from
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X 2 0tozx=0.018m (¥ = 0.01) was arbitrarily taken
as the value at the latter point. This is also done
on all subsequent graphs of h, vs. x.

48. Because the analysis given above does not consider
the cffects of lougliiudinal pressure gradients oa the
growth of the boundary layer and on n,, its validity
rear the nozzle throat (where there is a strong pressure
gradient) is doubtful. For this reason further cal-
culations were made by methods which include some of

the effects of pressure gradients. Again geparate
calculations were made assuming either a completely
laminar or completely turbuient boundary layer.

49. In both cases the methods used were based upon
the momentum - integral equation (reference 34).

;E:éz i-r H+R Gl‘éb | ¢ £§>;: e
do | Yo dx T @, da to 4,

For the laminar boundary layer the method of Howarth
(reference 35) as modified by Low (reference 36) was
uged, This methed is basged upon the assumption of a

one parameter family of boundary-layer velocity profiles
using the Pohlhausen parameter ) which is 2 fuaction
of the local boundary layer thickness and pressure
gradisnt. BSiace im our case, vaiucs of 2 larger than
the maximum given in reference 28 were sbtained, the
method was extended using some of the results given by
Thwaites (reference 37). Low's analysis also includes
the following assumptions: (a) counstant Ty across the
boundary layer (the result of assuming zero heat transfer
and Pr = 1, (b) AdfHM = C (T/Te ), end (¢) constant
Ty along the nozzle surface (implied by assumption (2)).
SInce this method involved a changing velocity profile,
both the growth of © with x and the value of 2 for a
given 8 are affected by the value of the local pressure
gradient. Equations (V,11) and {V,12) were used to
compute h, since no better relation exists between heat
transfer and skin friction for compressible flow. The
variation of © and hq with x assuming laminar flow is
shown in Figure= 29 gnd 30.

(v,14)

50. For the assumption of turbulent flow, the method
cf Tucker (reference 38) was used. In thisg analysis a
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constant boundary~-layer profile given by the power

w _
Uoo (v,17)

and & -
e YT Qadld

Tw' — .

e uﬂ. e Vv ,18)
The length Beynoldg number along the nozzle surface iz

of the order of 19°, and consequently a value of K = 7
was used. In eq n (V.18), € and Re were based
upon stagnation temperature. Since reference 38 assumes
zero heat transfer and & "turbulent Prandtl number" equal
to 1, T4 is constant acreo=es the boundary layer and egual
to T,. The tabulated values given in reference 38 begin
st ¥z 0.1. PFor the iaitial growth of the boundary layer
where M <0.1 an incoapressible fore of the momentum
integral equatioz was used. Assuming

de _ g T  _ 00252
B =0. H= and = y
: 7 < B\
dox ( U )

and integrating e-uatien (v
-5/05 - fay \l(.,"

o= ”'0&;:, / u ”) 63"" (v,19)

from which the growth of the boundary layer can be
computed (the subscript 0 referes tc conditions at the
chosen initial point). Since ©, appears only in the
last term of equation (Vv,19), it is evident that since
Ve ¢ Ues decreases rapldly downstream o? the starting
point (see FPigure 25), the effect of the initial walue
of % becomes negligible. This means that the calcuiated
thickness of the boundary layer at the nozzle throat

is practically independent of the assumed distance

from the throat to the boundary-layer starting point. The
values of k, were again computed using equations (¥,1l)
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and (V,12), The variation of § and b, with x assuming
turbulent flow is shown in Figures 3i and 32.

51, Boundarv-layer thickness at nozzle throat. It

should be noted that despite our smgli nozzie throat
coening (equal to 0.025" at M, _ 8 ,0) ths boundary

weowy AT WASWRI a&,

layer at this point is still relatively thin. Assuming
turbulent flow, the calculaticn of paragraph 50 gives

2 x &% (thrg;t) z 2 x 0,00016 = 0.013
throat opening 0.025

52. All the heat-transfer coefficient distributions
whichkh have been calculated are shown in Figuzrs 22

where they can be more easily compared. The average

heat-transfer cosfficient B has Loon calculezted for each

case, and the values are tabulated in Tabls V-I together
with the maximum value of hy (in units of kcal/sec m% OK).
The value of h, is important in detevmining the overall

TABLE V=-I
Case hy b, (max.)
Laminar with pressure gradient 0,033 2.0
Laminar without pressure gradient . 0.0081 0.18
Turbulent with pressure gradient 0.067 3.3
Turbulent without pressure gradisnt 0.060 1.5

cooling requirements for the nozzle, while the maximux
value of b, is important in determining the maximum
tempsrature on the nozzle surface. In some cases the
mxxizum surface temperature (which occurs very near the
throat) may be more of a design limitation than the overall
cooling load. It can be seen from Table V-1 %hat including
the effect of pressure gradients in the laminsr boundary-
layer case triples h, and multiplies h, (max.) by ten.
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In the turbulent boundary-layer case, including the
etfect of pressure gradients doubles h, (max.) but
only increases h, slightly.

C. Estimation of Ty at Nozzle Throat

53. The nozzle surface temperature T, could noy g
calculated using Figurc 24 and the values of hy found

in the preceding section. ¥Year the turoat, however, h,
varies rapidly while Figure 24 is haged upon having &
constant value of hy over the iength AL. Nevertheless,
congervative estimates of T, at the throat (in the sense
of giving too high a value of T;) have been made using

the four values of h, (max.) previously caiculated. The
calculationr is also congervative because it neglects the
conduction of heat in the nozzle wall parallel to the
surface away from the maximum temperature point. The
calculation was made f0F¥ Te = 5879K (based upon a Fecovery
factor of 0.88), Tc = 287°K, and W, = 2 gal/min {{he
estimated coolant flow ratc through the cooling passages
on each side of the throat; see section IV). The computed
values of T, and Ty, at the nozzle throat are shown in
Table V-13I.

Case

Laminar with pressure gradient

Laminar without pressure gradient 354 303
Turbulent with pressure gradient 5338 346
Turbulernt without pressure gradient 497 337

Except for the assumption of laminar flow without
pressure gradient, Table V-11 shows that most of the
temperature drop tazkes plsce in ths sicel pnozzle block.
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D. Comparison of Calculated Values of Heat Transfer
with Heasurements.

54. VUsing the measured nozzle surface temperature
(see section 1IV) and the estimated values of T, at
the thrcat, tne rate of hent trgusier to the nozzle
hlozk Can pe calculated from

Qz"éA (T&"W) (v,20)

where To ~ Ty 1s an aversge temperature difference
along the nozzle surface. For a coolant flgw rate cf
6.5 gal/min a value of Tg - Ty equal to 225 K was used
(where To is based upon a recovery factor of 0.88).

The values of Q calculated from equation (V,20) and

the measured value of Q (Flgure 21) to one nozzle block
for a coolant rate of 6.5 gal/min per nozzle block are
shown in Table V-IIXI.

TABLE V-11I

G {kcal/sec)

ressure gradient 0.58
Laminar without yressure gradient 0.16
Turbulent with pressure gradient 1.2

Turbulent without pressure gradient 1.0

Experimental value .62

it can be seen that the calculated value of Q based
upon the assumption of a completely laminar boundary
layer and including the effects of pressure gradients
ig closest to and lower than the measured value. This
is the condition which should prevail ii transition
irom a laminar to a turbulent boundary layer occurred
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several centimeters Jowastream of the nozzle throat
since the difference in heat transfer betweern laminar
and turbulent flow downstream of such a transition
point would be small compared to the heat transfer
from the laminar boundary-layer upstream of the point.

E. Estimation of Heat Transfer Rate from Boundary-
Layer Measurements.

55. It is interesting to ncte that an estimate of

the total heat transfer rate to the nozzle walls for
Mg = 7.6, p, = 10 atm., and T, = 5939k can be obtained
from the boundary-layer measurements given in section
III. This heat transfer rate can then bLe compared
with the value (given in section IV) obtained from the
cocling water temperature rise for the same conditions.
Consider the growth of a boundary layer from stations
1 ¢to 2 as shown in the sketch below.

LAY
! 2

It is assumed that the streamline ab is aiways outside

of the velocity and temperature boundary layers. It is

alzo assumed that Tj 1s constant and equal to T, across
the boundary layer at station 1, and that cg is constant.
t

From the conservation of energy law, the he transfer Q
to the wall between stations 1 and 2 must equal the
difference in the energy fiowing past station 1 and
station 2,

Q=i 4y n 5]y

but from the continuity law
@ 4
f f:“,‘/7 =j 24 °/7 (v,22)
o ~
(o}
28
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combining equations (V,21) and (V,22) gives

) \&%l, ‘rs—@] ¢

In applying equation (V,24) to our nozzle, station 1
was taken at the nozzle inlet and station 2 at the
boundary~layer measurement station 1 inch upstream of
the nozzle exit. The heat transferred to the 1 inch
portion of the nozzle block downstream of this station
is negligible compared to the total. A more serious
error of undetermined magnitude results from neglecting

~8 m1 woarnrsl A Tad cdaddnn
A

wom an & anesnmm Sl 4
& B A VOO VLG MV EISIAY AMAWw G D VR VAV

the variaticn
Consequently, the valuz of Q obtained must be considered
approximate. A comparison of § (for one nozzle block)
cbhtainad from eguation (V¥ ,24) and the value of

measured in section iIl, and from the cooling water
temperature rise (see section IV) is shown in table V-IV.

TABLE V-1V

Type of Measurement of
Heat Transfer Rate Q(keal/sec)

Boundary-layer energy deficiency 0.33

Cooling water temperature rise 0.36

The agreement Letween these twe measurements is probably
within the experimental accuracy.
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Hotation
flow area
surface arez of cocolant tuhe ( - Dw)
pozzle suriace area per coolant tube ( =AL x

perpendicular distance froam nozzle surface to
center of coolant tube

local skin~friction coefficient

specific heat at coanstant pressure

dismeter of coolant tube

local heat~-tranzfer coefficient for the air
heat-transfer cosfficient for the coolant

averagehftf heat-trangfer coefficient
(= [“ e

pquals $* e

thermel ceonductivity

"effoctive thermal conductivity' defined by
Bq. (V,8)

length

distance along nozzle suriace between
"affective adizbtatic planez" {(See Fig. 22)

¥ach number

nozzle liach number setting

Nuzseit number {= hL/k)

static presgsure

supply pressure

pitot pressure (in superscnic ficw the

stegnation pressure behind & normesl shock)
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"

s

Prandtl number (= cﬁMVk)

rate of heat transfer per urnit area
rate of heat transfer
recovery factor (= [’I" - T,oj / [To - ij )

gas conztant

IO P ppa, e e .

Reynolds number (:qu/,u. )
Stanton number {= h/(:u cp)

static temperature

supply temperaturs (2

temperature)
local stagnation texperature

temparature indicated by aiagnation temperature
probe (uncorrected)

enn41lk«4n- tamnavadrunvae falen ~
TRTRTLS \na

W e B e WRES et o

tenper ture)

coolant temperature

velocity

nozzle width

welght flow rate of coolant

distance in flow direction

distance perpendicular to flow direction
ratio of specific heats

boundary-layer thickness

boundu'y-hyer displgceaent thickness

®Ew S (Vo= Cu)dy

bonndary-l yer aomentun th:lckness)
(?» eu (U—W) oly
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viscosity
kinematic viscosity
density

shear strass

-

boundary-layer emergy thickness (defined
by Eq. (V, 24)

Subscripts
w at the nozzl2 surface

o) in the free stream

Suparscripts
* at M =1
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IZ. APPENDIX
Construction of Rozzle and Cooling System

1. The nczzle blocks shown in Figures 1 and 2 were
machined from a sclid biock of steel purchased under the
Favy Deparimevnt Specification 46 SiJ-Grade M. This
material has the following chemical composition:

0.31% carbon, 0.25% Mn, 0.045% P, 0.055% 8i, 0.35% Cu
and 0.25% Ni. The finish machining of the surfaces

of the nozzle in contact with the flow was accomplished
by surfsce grirding paraliel to the centerline of thisg
surface. The surfaces were made flat to within 0.00025
inches, and smooth within ar average of 16 RHS (xoot-
mean-square) micro inches measured perpendicular to the
nozzle centexrline or flow direction and $§ RMS micro
inches parallel to nozzle centerline. Tre inlet or
aubsconic portion and the .375 ineh throat radius portion
were ground perpendicuiar to the nozzle using a contour~
shzped wheel, During this cpsration the nozzle blocks
were set up side-by-side a7 that each cut would traverse
both blocks; thus producing identical throat radii.
During this set-up the nozzle alignment surface was
ground, thus providing means for sccurate alignment of .
the nozzles with respect to each other when instailed

in the tunmel. After grinding, final poliishing of the
throat was done by hand to produce a 5 BNS micro inch
finish. Particular care was taken so that there would
ke ne irrsgularity at the lime of tangency of the
supersoric plane surface and the throat radiuvs.

2. The method of aligning and supporting the nozzle is
shown in Figure 1. The noczzle clamping linkage, which
is actuated by a jcckscrew mechanism at its lower end,
is geometrically arranged such that it exerts one major
2orce component on the nozzle in the vertical direction
to seat the nozzle against its upper alignment surface,
and ancther component to set it firmly on its 4 adjustable
leges. Alignment of the nozzle crosswise of the case iz
i controlled by two alignment pins which protrude from
the bottom surface of the nozzle and engage in slots in
the case.

3. The change of Mach number setting is accompiished
by adjusting the two screw type legs nearest the nozzle
tkroat using feeler gage stock in either side of the

! 38
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nozzle throat. The final throat is =essured wit
varaier calipers grzduated to one thoussadth of an
inch, The accuracy of the throat setting is within
0.00G5 inches by checking with & series of fealer
gages using a "go and no'go” systsm. The accuracy
of the fiual opening measurement of the aczzls is no
better than 0.003 inches because of the wedge angle
of the nczzle and the human error of locating
ropeatably the final opening.

4. The dimension of the gasket grooves, as showa
below were determined tc both retain the gasket
material and to allow the door to close to a meotal-
to~-metal seat while aflecting a seal.

e— P,

 CMETAL TO METAL

L. 219 A%ONTAC'#\ SURFACE
+.003

039 Z

NOGZLE GASKET GROGOVE GASKET GROOVE BETWEEN

PARALLEL TO FIQW HOZZLE BODY & TUNNEL CASE

The gasket material used throughout ths tumnsl is

"Cohrlastic Silicone Rubber R-8925'° which was purchased
in 1/4 inch diameter extruded cord form. The best
tolerance available on the diamcter is i ,015 iuches,

to this date.

5. A portion of the tuannel that is intimately

associated with the cooling wedge nozzle ie the air
supply inlet system, (reference 28), Figure 12. This
arrangement consists of a baffle system followed by &
Loneycomb in an insulsted chambcr for mixing the air to
obtain & nearly unifiors temperature distribution ahead

of the nozile threat. & stainless steel screen in a
"transite"* frame was found desirable to prevent clogging
of the throat and probea by foreign particles, chips of
ths cersmic insulators and oxide flgkes, from the exposed
elemants of theelectric heatcrs. This syster produces

a nearly unilorm supply temperature at the nozzle throat.
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Cooling Sys.:m

1. The internal cooling passage arrangement of the
nozzle block, as shown in FPigure 3, consists of a
central iplet-water-distTibution passage with 34 holes
of 0.312 inch diameter loczted 5/3 inches from the
air-flow surface. These holes connect this inlei
passage to each of the twc side outlet passages and
can be easily closed (e.g. by removal of the side
plates and stopping the holes with rubber cord), or
restricted by insertion of an orifice plate.

2. The exterior piping arrangement, as shown in
Figure 1, is made up of siandard 1 inch copper water
tubes. The water supply main is located beneath the
floor on the lower left. It is controlled by a valve
attached to a removabie "I handle (not shown). The
water 1s fed to the right side of the tunnel through
the tube near the f£ioor on the far side of the tunnel.
The inlet water pressure was equalized by the right-
angle valves and the rate of flow is measured, in the
nozzle under study by a variable arez i;p¢ ilov Meter
on the intake pipe shown at left. The two <xhaus
water pipes coming from each inozzle converge and join
immediately cutside of the tunnel. The flow from each
nozzle is throttled separately by valves located at
the level of the circular window om the far side of

the tunnel.

3. 'The coolant used is tap water. For the usual
flow rate of 6.5 gallons per minute the inlet water
pressure is 6.5 psi and the outlet pressure is
throttled to maintain a pressure of 1 psi.

Thermocouple installation

1.. The nozzle temperatures are measured by irgn-
constantan thermocouples made of #30 gage wire“ and
electric welded without flux using & Variac and Pyrotip
burner® with a carbon electrode. The thermocouples

were secured in place using technical "B'" copper cement?
in a2 modified taper pin, shown in FPigure 34. The exact
location of each of the four thermccouple junctions in
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each plug is determined to 0.01 millimeters after
agsembly by use of 2 tool maker®s microscope (Bausch
and Lvab - Type UK 352), Specisl cave is taken in
the manufacturs of the plugs so that each plug would
bottom in its respective hole iz the nozzle block.

Plug # 1

[ 4]
w
528
L3 )]
[+

Location

from Fipal

Nozzle .656 1.408 4.406 7.406 9,656 11.906
Opening

(Inchag}

K 8 9 10

15
[

12 13

14,156 16.406 18.656 20.156 21.656 23.156 24.156

TURNEL SIiDEWALLS

i, Several door arrangements are availstle for the tunnel.
There is one set of blank steel doors, one steel door
with 42 centerline pressure isps located one iach apart,
& Sei of doors having a2 rectanc:l=a> sl-te glass window,
and a set of doors having 3 circular windows (see window
in Pigure 1). The pressure tap door and the circular
window doors are provided <ilh two sets of hinge arms

80 that when the door is inverted the tap holes and
wizadows bimect their former locetion., The circular
windows now in use are cut from selected commercial
plate glass., Experience indicates, that whilse running
at supply temperatures of 900°F these windows can be
used snywhore f£ro> the noxzic sxit thwrough the diffuger
Sor 2 maxzizus poRiocd of 20 minutes without fracture.

A fused quariz window 0f similaz™ arrangesert is novw
being tested to incrozss the time of exposurs.

2. Yhen ths doors are closed they are forced by bolting
against the razised nozxle lipa, which forms the edges of
flow surface and against the metal-to-metal bearing
suface, of the tunnel case (see Figure 1 outside of
gaskat), Iz addition to boiting around the periphery,

41
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the doors are reinforced in the high pressure region,

by a rectractable bar and jackscrew arrangement (shown
in Figure 1j. '

42
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To = 333 °K

FIG. 4 SCHLIERON PHOTOGRAPH OF THE FLOW NEAR
HE THROAT OF A MINIMUM LENGTH; M=5.i8, NOZZLE
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FLOW DIRECTION

(a) THROAT REGION, M, =5 0,

(b) NOZZLE EXIT, M =70, Rp=20atm, T, 293°K

FiG. 5 SHADOWGRAPH AND SCHLIEREN PHOTOGRAPHS
OF FLOW IN THE WEDGE NOZZLE




At A S S S

—— & A Y—— it i iy oyt ® 8

NAVORD REPORT 2701

I/ﬂ i

. .
S

I .

, S

c ®n v v O

~ [V}
(%0078 371ZZON /NIN/TV9)
31vd LNVI000

o
1

[{o]
~

<
N~
(W) ¥

v o -
N ~ ~
38WAN HOUW

Q
~

TIME IN MINUTES

FIG. 6 MACH NUMBER VARIATION IN NCZZLE EXIT vs TIME

10 atm, Tp=593° ¢

FOR CHANGING COOLANMT RATE
z




NAVORD REPORT 270l

Ho£6G=L ‘Wn Q) = W
TIYMIAIS 3T1ZZON 40 INITHILNIO .0201_4 ZO_PDm:m.rm_o IUNSSIHd JNWVLS L7013

(WD 21 =¥S 1) L37INI DINOS8NS WOHd SH38ITVYD NI 30NVLSIA

A 9 S 4 e 2 i [¢]
] 0
02020 oo&Qm_v rA
5 © o000 -
o A woooo eoonOOOOXﬁ
T200, b
©
i 0
_D.GO 9
(0]
4 L 8
Q o
~N [o]
N
m 0
) .M
W (o o°
— 2l x
D -
o
{ E-3
x —{tl
o] 0
>
: S —e
Y Q
81
EEEE
Prrce LE 2239999y y
Ll dh: 02
< (lectdocdeecetesedy P
MO4 ) \\Nﬂﬂ.\l%i&&«i 2
r CEEEAE O
. 7777
JVY\L%BQ‘.J\\W\\Q*\ ]
e

—— b o oy s ————— - ——o— ¢ &> - Srm——— e




P b e Ot bttt S i o ease 1 wmen 8

NAVORD REPORT 270l

TRAVERSE

01 9

O]

ol 9

o CHANGE iN

0)

TRAVERSE

o L
L2l Bl

|
5

3 4

DISTANCE FROM NORTH SIDEWALL (cm)

6 7 8 9 10

NORTH SIDEWALL
LLLLLLLLL LIl
lzicm 4

~S.

TRAVERSE D

i
s
|

[ ¢-

TN HETETERERERERS

12.54; 254

lcm!cml
: !

T

0

NSTANGE

Ly ¥
/77?\// /%T/f/

SURVEY PATHS

FIG. 8. MACH NUMBER DISTRIBUTIONS ALONG SURVEYS IN A PLANE
ONE INGH UPSTREAM FROM THE NOZZLE EX

2 =10 ¢tm,

T, = 593°K




NAVORD REPORT 270I

1TIVM 31ZZ0N ONOIV HLMOHO H3IAVT] AHVANNOY
a3.1vINdTIvS ANV GIYNSVY3IW 40 NOSIHVYSWOD 6 Old

(ui0) 1YOH¥HL WOY.J 3ONVLSIA

os 0S ob o¢ 032 ol
O o
{0
o o L\
Q \
o L~
(0]
o
o—a o] ]
\
o © \\\
) yd
[10) >
(o] \
o v
\ “
g e -
A 0€66 =0 “wn01=% ‘9 L=SW
AJAUNS HIAVT AHVANNOB WOHL QININY3L3Q ©
{STIVYM H¥NO4 1TV NO TvND3I %8 ONINNSSY]
3YNSSINd OILVLS “IIYMIOIS WONA A3NINY3LA0 O
‘81 434 ‘QOHLINW S,M3INONL ONISA 3LV IND VD -

© © <
(o o o
(w3) ,Q SSINNOIHL LN3W3OVIdsId

<

N




NAVORD REPORT 2701

P =10 atmos.
T,2593° K

o MEASUREMENT
— WPOWER PROFILE

§%6:040 (c)
94 =0046 )6=26 mm
¢/<5=O.II J

d 1 1 |

0 2 4 6 B8 10%

FIG. 10 MEASURED TURBULENT BOUNDARY LAYER PROFILES
WiTH HEAT TRANSFER AT A FREE STREAM MACH NUMBER OF ¢
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FIG. 13 NNZZLE WALL-TEMPERATUFRES NEAR THROAT
(STATION NO.13) AT VARIOUS SUPPLY TEMPERATURES
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p, =10 ATM, Mg=T7.6
COOLING RATE: 6.5 GALLONS/MIN
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FIG. 14 NOZZLE WALL-TEMPERATURES NEAR THROAT
(STATION NO.13) AT VARIOUS SUPPLY PRESSURES

T,=€I0°K, Ms= 7.6
COOLING RATE: 6.5 GALLONS / MIN
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TEMPERATURE DIFFERENGE (°K)
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FIG.19 TEMPERATURE DROP IN NOZZLE WALL

Mg=7.6, p,~2i.% ATM , T,=593°K
COOLING RATE: 5.5 GALLCNS/MIN
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4o FLOW DIRECTICN

FI1G.22 COOLANT TUBE POSITIONS AMD DIMENSIONS
USED IN HEAT TRANSFER ANALYSIS
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FIG. 33
COMPARISON OF HEAT TRANSFER
10 COEFFICIENTS SHOWING EFFECT CF
TYFPE OF BOUNDARY LAYER AND
PRESSURE GRADIENTS
M+ 8.0, T, « 600 °K, B = 2C cim.
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