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FOREWORD

This document presents a detailed experimental investigation on flow

fields caused by a three-dimensional shock wave/turbulent boundary layer

interaction. The study was conducted by the Gas Dynamics Laboratory , Princeton

Univers i ty, under Contract F33615-75-C-3126 , Project No. 1366, issued by the

Air Force Flight Dynamics Laboratory , Wri ght-Patterson Air Force Base. This

final report , submitted by the authors in June 1976, describes all the work

accomplished for the duration of the contract from June 1975 to January 1976.

The contract effort was directed by Mr. Richard D. Neumann , AFFDL /FX G ,

of the Fligh t Dynami cs Laboratory . Mr. B. Oskam , as graduate student, was

responsible for carrying out the test program , development of experimental

techniques , and machine plotting and interpretati on of results . Professor S. M.

Bogdonoff and Dr. I. E. Vas , Co-Principal Investigators , supervised all tech-

nical efforts. The technical staff of the Gas Dynamics Laboratory provided the

design , fabrication , photographic , data acquisiti on, mechanical , electron ic and

typing services .
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1 . INTRODUCTION

Accurate knowledge of heat transfer is required as it determines the

structural requirements of hi gh speed vehicles. Therma l design of the struc-

tures and material selection depend heavily on engineering estimates of the

local heat transfer rates. In the case of turbulent boundary l ayers, one has

to rely heavily on experimental data , since no theories are able to predict

the turbulent heat transfer rate without incorporating a large amount of

experimental data . A recent evaluation of such empirical theories for pre-

dicting heat transfer in constant pressure turbulent boundary layers at super-

sonic and hypersonic Mach numbers is gi ven by Hopkins and Inouye in Ref. 1.

These empirical theories are not completely adequate , however , to pre-

dict the heating rates on actual geometries, since extensive viscous—inviscid

interactions will be present and cause heating rates many factors higher then

the associated flat plate val ues. These hi gh local heating rates can pose a

major design di fficulty as discussed by Korkegi in Ref. 2.

Many of these viscous -inviscid interactions are caused by shock waves

interacting wi th the turbulent boundary l ayer on the body and result in signi-

ficantly higher heating rates. Many experimental studies have been conducted

to determine the magnitude of these heating peaks , compared to the flat plate

va l ues , plus their location wi th respect to the provoking agency. Although

many of these studies have been carried out wi th nominal two-dimensional flow

configurations , there have also been a number of studies , e. g . Neumann and

Token , Ref. 3, that do consider a particular kind of shock wave/boundary layer

interaction which has essentially three spatial dimensions. Several en~irical 

~~~~~~~~~~~~ 
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correlati ons of heat transfer amplification factors , with respect to flat

plate values , have been reported for various viscous -invi scid interactions.

These, however , are generally limi ted to particular geometries and test condi-

tions because they have not incorporated a sufficiently deep physical under-

standing of the phenomena invo l ved. Such hit and miss empiricisms almost

require every new geometry or flow confi guration to be experimentally tested

before tire interaction effects can be appraised properly. This , however , can

be a very costly and time consuming proposition .

Recç,ntly there has been a series of developments in the general area

of numerica l , computational techniques and high speed computers pointing the

way to solving the full time-averaged Navier-Stokes equations on a routine

basis. Fundamenta l problems remain since these computer codes incorporate

empiri cal information in the form of the turbulent Reynolds stresses, the so-

called turbulence models. Thus it would appear that these elaborate computa-

tional techniques suffer the same kind of deficienc ies as the more simplisti c

empi rici sms, e.g., for predicting peak heati ng rates. These drawbacks can

hopefully be overcome based upon the argument that the high level of sophisti-

cation will gi ve the turbulence models a universal applicability depending

only upon a basic set of non-dimension al parameters. It is in this area of

computational fluid dynamics that large bodies of sufficiently accurate ex-

perimental data for well defined problems are needed to guide the development

of these turbulence models.

The objective of the present study is two-fold. The fi rst one is to

provide a detailed set 0f surface data , complemented by a complete survey of

the associated flow field , from which detailed flow models can be constructed

which may lead to a better understanding of the physi cal phenomena. This

2
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would be particularly useful for obtaining direct desi gn estimates of the

particular problem under consideration. A second and more far-sighted objec-

tive is to descri be and document a well defined , physically significant

problem , that has been investi gated experi mentally, which can guide the

deve l opment and validate future computer codes and turbulence models.

With these objectives in mind , the present study considers the inter-

action flow field and surface phenomena created by the three-dimensional ,

experimental configuration depicted in Fi g. 1. The coordinate system used

for the present problem is shown as Fig. 2. This study is actually a con-

tinuation of the earlier work by Oskam , Bogdonoff and Vas , Ref. 4, the main

difference being that the region under study is extended into the strean~iise

corner formed by the shock generator and the tunnel test wall. The instru-

mentation rows have therefore been taken parallel to the Y direction instead

of being parallel to the X direction .

This document is basically divided into three parts . The first one

describes the environment under which the tests have been conducted. Special

attention is paid to the definitions of the physical boundary conditions under

which the experimental data are obtained . This is of particular importance

for the heat transfer studies where results have been obtained for a uniform

temperature test wall on which the variable heat transfer rates have been

measured. A second part deals with descri ption of the apparatus used in ob-

taining the various data . The process of data reduction and the estimates

of data accuracy are presen ted in the third part. Much attention has been

given in this respect to possible limi tations of the techniques employed and

the resulting accuracies are tabulated .

3
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The final data has been plotted in 10 detailed appendices , but can

also be obtained from detailed tabulations as given by Oskam , Vas and

Bogdonoff in Ref. 5.
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2. EXPERItIENTAL PROGRAM

2.1 Genera l Objectives

In an attempt to conduct an experimental program which gave the optimum

amount of relevant data , special attention has been paid to an exhaustive

series of details wh i ch , hopefully, give the final resul ts a more easily under-

stood meaning and eventually will l ead to a more basic understanding of the

physical phenomena involved.

A special wind tunnel test section , designed and constructed during the

earlier work by Oskam , Bogdonoff and Vas (Ref. 4), was shown to be an effi-

cient experimenta l configuration which has a relatively thick , high Reynolds

number , turbulent boundary l ayer, of superior transverse uniformi ty compared

to previous studies performed with tunnel wall boundary layers as discussed in

Section 2.5. The maximum shock generator angles were limi ted, however , by the

interaction resulting from reflection of the obli que shock wave at the tunnel

sidewall causing the tunnel to stall at shock generator angles larger than 14°.

This test section features two l arge observation/instrumentati on ports (12 inch

diameter) which rendered flexibility for mounting optical windows , surface

instrumentation and probe drives covering the complete area of interest wi th-

out affecting the shock generator model configuration .

The region studied in the course of this investi gation extends from the

area under the shock wave towards the axial corner formed by the test surface

and the shock generator , including the turbulent boundary layer on the shock

generator Itself. The practical importance of this axial corner interaction

in high speed flow stems from the observation of high local heating rates in

5
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the in~nediate vicinity of the shock generator. A new probe dri ve mechanism

has therefore been constructed , accompanied with angle sensitive probes ,

total temperature probes and a static pressure probe , and has been emp loyed.

to resolve the flow field , including all three velocity components , up to

the surface of the shock generator.

Special attention is given in this study to check the validity of the

experimental techniques employed. The heat transfer technique is described

in detail together with the precise definition of the coefficients employed

to present the data .

The question of data accuracy has extensively been discussed in this

document since the final analysis of the data will heavily depend on the accu-

racy that has been achieved. The accuracies of the various types of data are

gi ven in terms of estimated uncertainties which should be considered to be

upper bounds since they were obtained by consideri ng the largest possible errors

which could only occur at certain locations of the region studied.

2.2 Test Env i ronmen t

2.2.1. Wi ndtunnel facility

The Aeronauti cal Engineering Department at Princeton University started

its study of viscous phenomena in supersonic flows in 1946. This interest led

to the design , construction and operation of the 4 x 8 inch vari able density

supersonic tunnel . That tunnel had specifi cal ly been desi gned to cover the

range of Reynolds numbers up to full scale and provided experimental informa-

tion in a test range not covered by any other supersonic testing facility at

that time (Ref. 6). After many projects had successful ly been completed the

facility was moth-balled due to the laboratory ’s emphas i s on hi gher Mac h number

studies.
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More recently, nowever , there has been renewed interest in hig h Reynolds

number studies because of difficulties encountered with extrapolating wind

tunnel data to actual fl i ght conditions . As a result the original high Reynolds

number facility was put back into operation in 1970 but with a new Mach 3 noz-

zle and longe r test section (Ref. 7). In this new 108 inch long boundary layer

channel , with a cross sectional area of 8 x 8 inches , one can obtain Reynolds

numbers , based on the turbulent boundary layer running length , of the order of

lO~ at a tunne l staanation pressure of 500 psia. These newly constructed test

sections are flexible , easily modified and readily adapted to testi ng of vari-

ous confi gurations .

The hi gh pressure air for the facility is provided by four Worthington

four stage compressors , driven by 100 horsepower induction motors , which can

pump from atmospheric up to 3200 psia. A drying system , operating at 3200 psia ,

removes all the moisture from the hi gh pressure air to eliminate the possibility

of the adverse effects of condensation shocks in the supersonic tunnel . Four

tanks , situated above the ground , provi de a storage capacity of 2000 cubic feet

at a maximum pressure level of 3200 psia.

The stagnation pressure is regulated by an 8 inch hydraulically actuated

valve during tunnel operati on . A control system, which can be operated either

manually or automatically, is used to maintain the desired stagnation pressure.

A tunnel run has to be terminated if the tank pressure drops so low that the

main regulat.’ valve reaches maximum opening so that the desired stagnation

pressure can no longer be maintained.

Since the tunnel is not provided with a heat exchanger, it is to be

expected that the stagnation temperature will change from day-to-day as well

as during tunnel operation . The day-to-day change is determined by the

7
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variation in the ambien t temperature since this controls the initial tempera-

ture of the storage tanks . The actual stagnation temperature level in the

test section ‘is also determ i ned by the Joule-Thompson drop across the main

regulator valve , and a significant amount of heat transfer to the air from

the inlet piping, in addition to the initial tank temperature . This l eads to

a drop in tunnel stagnation temperature with time during operation . The obser-

vations that the tunnel walls are initially at room temperature , and that the

stagnation temperature is always below room temperature , explain the experienced

heat transfer from the walls to the gas and result in a drop of the tunnel wall

temperature with time . The magnitude of the stagnation temperature decrease

bei nc slightly larger than the wall temperature decrease with time , imposes a

permanent driving potential for the wall heat transfer during operation . This

enables one to study heat transfer rates on tunnel -wall mounted models without

being in direct control of either the stagnati on or the tunnel wall temperature .

The above mentioned variati ons in temperature conditions from run to run

and also during a single run do require , however , special data reduction pro-

cedures which will be discussed later. It should also be noted that the free

stream Reynolds number is a direct function of the stagnation temperature and

is thus subject to similar variati ons.

2.2.2. Test Section and Shock Generator Apparatus

The model configurati on , which ;,as used previously (Ref. 4), cons i sts of

a sharp flat plate , 8 i nches by 10 inches long, called the shock generator,

mounted vertically between tunnel top and bottom wall and pi voted about a center

close to its leading edge. This shock generator and its bearings , which are

held in the top and bottom walls , were constructed out of one piece to avoid

leakage beneath the leading edge along the tunnel wall. The remaining edges

8
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of the shock generator were lined with ny lon to provide the seal .

The main Support o~ this generator is provided by an arm which extends

through the tunnel side-wall and is linked to a screw mechanism. The housin g

for this mechanism is sealed to the side-wall of the tunnel and has an external

drive wheel , so rjnn ca n manuall y rotate th e shock gene ra tor from outs id e the

tunnel . A ran~e of shock generator deflect ion angles from 00 up to 14° has

been us ’d  during the invest igat ion . Since s izeable two —dimensional models at

larg- deflection ang le are part icular ly susceptible to tunnel starting problems ,

the start ing procedure adopted was to init ial ly set the shock generator at an

ang le not excee d ing 8° and to increase its deflection ang le after the supersonic

flow was established if desired. Permanent tunnel stall was experienced , how-

ever , above 14°.

Four static pressure taps , loca ted in the surface of the shock generator,

are connected with flexible tubing to a plug ‘in the mechanism housing. Moreover,

two thermocouples are spot we l ded to the generator to measure its temperature .

The coordinates (with ‘
~G 

= 0, of the static pressure taps and the thermocouples

are g iven i n Ta b le I.

TABLE I: SMOCK GENERATO R INSTRUMENTATION LOCATION

Sta tic Pressure Thermocouple X Z
Tap No . Number 

— 
Inches Inches

1 2 .0 2 .0
2 5 .0 2 .0
3 2 7.0 2.0
4 2 .0 6 .0
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Upstream of the shock generator leading edge , one thermocouple is l ocated in

the tunnel top wall to indicate the wall temper~ture .

A photograph of the tes t section , installed between the nozzle and a

second test section , as well as a line drawing of the shock generator actuating

mechanism are presented in Figs. 3 and 4 , respecti vel y.

2.2.3. Test Conditions

The test section was mounted in a position ~mmediately downstream of

the nozzle , where the flow uniformi ty is optima l , and the starting problems

are minimal. The nominal free stream Mach number at a location upstream of

the interaction is 2.94. The turbulent boundary layer on the tunnel wall

entering the interaction is approxi mate ly 0.55 inches thick , depending on the

exact location under consideration . Only part of the heat transfer studies

were performed over a range of stagnation pressures from 75 to 200 psia (see

Section 2.4.4.4). All of the remaining tests were carried out with a constant

stagnation pressure of 100 psia held to within 0.5% during tunnel operation .

A L this 100 psia level , a max imum running time of 7 minutes can be sustained ,

if the storage tanks are at a pressure of 3000 psia initially.

Before we state the various temperature test conditions , it is most

helpful to appraise some of the temperature-ti me variati ons mentioned earlier

in Section 2.2.1. Figure 5 shows these variations versus time for a run con-

sisting of two separate tests, 15 minutes apart, and each approximately 180

seconds long, at a stagnation pressure of 100 psia. One may observe from the

data that after an initial temperature start-up process of about 30 seconds ,

the wal l temperature and stagnation tempe rature decrease almost linearly with

time . Approximate val ues are :

10
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The shock generator , however , due to its large surface area and smaller heat

capacity compa red to the 3 inch thick aluminum tunnel wall , decreases much

faster in temperature than the tunnel wall. After a t ime of about two minutes

it asymptotes to a level close to an adiabatic wall temperature wh ich is pro-

portional to the tunnel stagnati on temperature. The actual proportionality

factor depends somewhat on the shock generator angle under consideration , and

is measured to be 0.956 and 0.944 for shock generator angles of 100 and 4°

respecti vely.

Since the test times typically varied between 1 and 3 minutes , it is

necessary to quote values of stagnation and wall condi tions time-averaged over

the actual length of a test. These averages , and the resulting Reynolds number

per inch , are tabulated in Table II for the measurements of surface static pres-

sure and flow field quantities . The variations of these averages resulted from

the day-to-day change in ambient condi tions:

TABLE II : TEMPE RATURE TEST CONDITIONS FOR SURFACE
STAT I C PRES SURE AND FLOW FI ELD MEASUREMENTS

T0 = 445+l8°Rave —

T = 5 03 + 17°Rwave —

Re~ h = 1 .76 x io6 + 6%
ave

11
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The test time s for heat transfe r studies were significantly shorter ,

with a maximum of 30 seconds . Actual data was only taken for about 7 seconds ,

resulting in an insignificant change in temperature conditions during the data

taki ng process, thus eliminati ng the need for averaging . The variations from

run-to-run , however, are still experienced as indicated in Table Ill .

TABLE III: TEMPERATURE TEST CONDITIONS FOR HEAT TRANSFER TESTS

= 480 + 15°R

T
~ 

= 510 + l5°R

Reinch 
= 1.57 x 106 

+ 5% (P0 = 100 psia)

~~~~= 1.15 + 0.04

50°R < (T w _T
aw ) 85 °R

2.3 Instrumentation and Techniques

2.3.1. Eccentric, Rotatable System

The test section features two 12 inch diameter observation/instrumentation

ports (see Fig. 4) which render a unique flexibility for mounting optical windows ,

surface instrumentation , and probe dri ves for covering the complete area of

interest wi thout affecting the shock generator positioning and actuating mech-

anism. A line drawing of the eccentri c, rotatable system which can accomodate

surface instrumentation as well as probe drives is shown in Fig. 6. It consists

of a large 12 inch diameter plug carrying a smaller 7 inch diameter plug 2 inches

off center. This smaller pl ug has a 2 Inch diameter hole located again 2 inches

12 
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off center. The actual instrumented plugs are located in this 2 inch hole.

The various plugs were fabricated to close tolerances to get a fl ush surface

ins ide the tunnel and sealed with 0-rings . The rotatable system has been pro-

vided with scales on the outside so one can reach a given location by rota-

tion to the desired angles .

2.3.2. Static Pressure Plug and Scanivalve

The 2 inch diameter surface static pressure plug contains 45 static

pressure holes distributed in 3 rows of 15 each (see Fig. 7) .  The typical

spacing of taps in a row is 0.100 inches . The tap diameter is 0.032 inches

for the 2 outer rows and 0.024 inches for the middle row. Al though there is ,

in practice , no upper limi t to the instrumentation density that can be obtained

wi th the eccentric , rotata b le system , the static pressure plug has been de-

si gned in such a way that a simple 1800 turn of the instrume nted plug relocates

the taps at positions mi dway between their 1oc~tion before the 1800 rotation .

Th is effectively produced an instrumentation density of one tap per 0.050 inches ,

or 10 taps per initial boundary layer thickness.

The 45 surface pressures were sampled by a 48-port Model 48J4 Scanivalve

which was connected to the taps by plastic tubing . The pressures were con-

verted to electrical si gnals by a Pace transducer. Al though the volume between

the Scanivalve and the Pace transducer was minimal and the Scanivalve case was

vented to a reservoir hel d at the undisturbed tunnel static pressure, the

scanner still required a minimum of 0.4 seconds per reading to avoid problems

wi th pressure-time lag at the transducer when the Scanivalve was stepped through

a pressure gradient.

An absolute upper bound to the errors caused by pressure-time lag in

the scanner has been obtained without effort. The lRO° turn of the plug to

13
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obtain the higher instrumentation density , while keeping the same plastic

tubing connections and the same Scan f va l ve rotation direction , reverses the

apparent sign of the pressure gradient as observed by the Scanivalve . The

true static pressure distribution is thus bound by the two sets of data ob-

tained for different plug orientations .

Two of the four static pressure taps on the shock generator were also

sampled by the Scanivalve ; the remaining two were measured by two separate

Pace transducers connected to spare channels of the electronic data system.

2.3.3. Heat Transfer Measurement

2.3.3.1. Introduction

The experimental method used to determine the local convective heat

transfer rates was quasi-transient and calorimetric in nature . The temperature

decrease with time of a piece of copper of known mass and exposed surface area

gave the heat transfer rate directly. The driving potential for this heat

transfer is determined by the tunnel operating characteristics as discussed

in Section 2.2.1. To prevent the small pieces of copper, called slug calori-

meters , from reaching the adiabatic wall temperature shortly after tunnel start,

a tiny jet of hot air was impinged on the rear side of the slug calorimeter to

control its temperature while the tunnel was running.

The heat transfer data was derived under the condition of un i form wal l

temperature along the test surface. To satisfy this condition , the slug

calorimeter temperature was raised by the jet to about 40°R above the sur-

rounding wall temperature while the tunnel was running. At that tine , the

heati ng jet was cut off and the high speed data acquisition system started.

After about 3 to 7 seconds, the slug calorimeter had reached a temperature well

below the wall temperature of the tunnel , and the data system was stopped . The

14



temperature-time gradient , from which the heat transfer rate was calculated ,

was then evaluated at the time that the slug calorimeter temperature equaled

the surrounding tunnel wall temperature , so that non-uniformities in test sur-

face temperature were avoided .

The cycle of heat transfer measurement can be repeated during a tunnel

run . The restriction in the number of cycles taken was determined by the data

processing rate of the acquisiti on system .

2 .3.3 .2 . Hardware

A photograph of the 2 inch diameter heat transfer plug, which could be

located in the eccentric , rotatable system, is shown in Fig. 8. This instru-

mentation is a later development of two similar heat transfer plugs used in

the earlier work (Ref. 4). The detailed geometry of the slug calorimeter

arrangement and the hot air supply tube is shown in a line drawing presented

in Fig. 9. The eight slug calorimeters are each 0.088 inch in diameter and

0.040 inch thick and are separated from the 2 inch brass plug by insulators

made of linen based phenolic. Alumel-chrome l thermocouple wIres, 0.005 inch

in diameter , were used to measure the temperature of the slugs . Two tiny holes

of 0.006 inch diameter were drilled through each slug near its center to accom-

modate the wires . They were soldered to form a thermocouple junction within

the copper slug .

Small tubes , with an inside diameter of 0.040 inches , are located wi thin

0.12 inches of the back of the slugs . These eight tubes were scaled up-and

connected to a single half inch diameter supply tube within the 2 inch plug

itself. Compressed air was tapped from the shop air system at a maximum pres-

sure of 120 psia , passed through a boiling water heat exchanger and supplied

to the half-inch tube. A three-way valve located in the line Ininediately before
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the 2 inch plug , could exhaust the hot air to the tunnel room or to the instru-

mentation .

Two wall temperature sensors are located in the 2 inch brass plug be-

tween the 8 slug calorimeters . All thermocouple wires were led to a single

reference temperature bath . Both legs of each thermocouple juncti on, the

alume l and chromel wires were connected to copper lead wire , and these two

new junctions (chromel-copper , alumel-copper) were held at the water-ice point.

These copper wires were connected to the inputs of very high impedance linear

amplifiers . This procedure of referencing both legs avoids the generation of

thermal emfs at the input terminals of the amplifier.

2.3.3.3. Tes t Procedure s

Periodic checks of the thermocouples were made at room temperature.

This was done by removing the instrumentation from the tunnel and placing it

in an isothermal enclosure together with a mercury thermometer. At this known

temperature , the output of the data system, after calibration with an accurate

millivolt source, was compared wi th the standard for alumel -chrornel thermo-

couples as determined by the U. S. National Bureau of Standards.

The actua l procedure for taking heat transfer measuremen ts consisted

of starting the tunnel and keeping the slug calorimeters at a temperature

close to the tunnel wall temperature. After the shock generator was rotated

to the desired angle , and the slugs were heated to about 40°R above the wal l

tempera ture , the data acquisition system was started and the three way valve

in the hot air supply line was turned to exhaust to the tunnel room. This

suddenly stopped the heating process and consequently the slugs decreased in

temperature. After about 7 seconds the data system was stopped. A typical

slug temperature-time trace during this process is shown in Fig. 10.
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The actual speed of the multiplexer was 200 readings per second. With

10 channels this results in 20 readings per thermocouple per second. Al though

the in-house IBM System 7 computer can record as many as 1000 readings per

second , and store up to 1600 readings , the overall data through-put rate was

limited by the connection between the System 7 and the main computer, which

operates on a time shari nci basis. This resulted in a time-averaged data flow

rate to the main computer of about 10 readings per second. Thus , short heat

transfer runs could be made successively with tine intervals of about 5 minutes .

The spacing between the slug calorimeters was 0.45 inches . Their loca-

tion was such that a simple 180° turn of the 2 inch plug resulted in a doubling

of the instrumentation density .

2.3.4. Probe Drive Mechanism

To carry out detailed flow f ield measurer~ents in the reg ion of interest,

a probe drive system was built and is attached to its own 7 inch plug that fitted

into the eccentric , rotatable system. A photograph and a line drawing of the

assembly are presented as Figs . 11 and 12 , respectively. This probing system

is di fferent from the one used in the earlier work (Ref. 4), although some

parts are the same . The earlier work was performed with a probe system that

extended all the way across the tunnel to measure the boundary layer interaction

on the wall opposite to the one on which the probe drive was mounted. Since the

region of interest extended into the strean~ise corner formed by the test wall

and the shock generator , the earlier system would be expected to cause local

fl ow blockage if the main streaml ined probe support were mounted cl ose to the

shock generator. Therefore , a new mechanism was designed with the probe ex-

tending from the wall on which the interaction is to be measured.
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The assembly can move a probe norma l to the wall and also yaw it around

its tip simultaneously. This was made possible by l ocating the probe stem

0.75 inches off center in a 2 inch plug that is free to rotate. To obtain a

good bearing, the 2 i nch plug was fabricated from stainless steel and matched

to an aluminum -bronze bushing in the larger plug . The rotation of the probe

and the 2 inch  plug was provided by a reversi ble d.c. motor with an integral

reducti on gear box. A worm , mounted on a short shaft connected to the motor

by a set of bevel gears , turned the worm wheel that is doweled into the main

probe holder shaft, which rotates the 2 inch plug. This probe holder shaft

has a cam that can slide up and down in a slot to allow the movement of the

probe Qormal to the wall.

The translation of the probe was achieved by moving the complete yaw

actuator with a precision screw drive . This screw was connected by a coupling

to a second reversible d.c. motor.

The vertical movement was measured by a precision linear transducer ,

which was calibrated against a dial gage. A ten turn potentiometer connected

by a reduction gear to the small shaft of the worm , indicated the angular dis-

placement. It was found essential to be able to repeat very accurately the

angular settings of the probe wi th respect to a fi xed reference , even after

the assembly had been rel ocated by turning it. This objective w~s achieved

by mounting a small mi rror on top of the probe holder shaft and using the re-

flected image of a small helium-neon laser beam at a distance of 4 feet as an

angle indicator .

Five different probes that can be mounted in the probe holder sha-t ,

were constructed , see Fig. 13. These probes were sealed with an 0-ring against

the 2 inch plug. The probes will be discussed in the next three sections.

18
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2. 3.5. Cobra Probes

2.3.5.1. Yaw Angle - Pitot Pressure Probe

All probes were fabricated from stainless tubing of various sizes.

The probe stem , made of two concentric tubes silver soldered together, has a

final outside and inside diameter of 0. 125 and 0.074 inches respectively, to

provide the structura l stiffness required for its maximum extension of 2.1

inches from the wall. These stems were not streaml i ned , like the cobra probe

used in a si r’ilar study by Peake (Ref. 8), since large flow ang le variations

wi th distance fro r ~ the wall are present and can be expected to result in a

grea tly enlar ged apparent s i ze of a streamlined probe stem to the cross flow,

resulting in extraneous flow interference .

The yaw-pitot probe tip, extending 0.75 inches upstream of the stem, was

manufacture d from a set of three hypodermic tubes soldered together for rigidi ty.

These three tubes had an ori ginal outsi de diameter of 0.024 inch , but were

rolled f lat , resu lt i n g  in a t ip heig ht of 0.0 16 and a width of 0.080 inch. The

outer tubes were cut back at 45 degrees to form a cobra probe , of which the

center tube functions as a rectangular pitot. A frontal view of the actual

probe , photographed through a microscope after all the tests had been completed ,

is shown at 37 times true size in Fig. 14. The three small tubes were stepped

up to an outs ide diameter of 0.033 inches and led through the probe stem.

Although the angle sensitivi ty of this yaw probe has been calibrated ,

as will be discussed in Section 2.4.5., it was mainly operated as a null device .

The probe was moved continuously throug h the flow at a varying extension rate,

while being kept aligned by observing the di fferential pressure of the outer

rubes. This resulted in a total time for a 2 inch survey of 2 to 4 minutes ,
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depending upon the skewness of the profile obtained . This extension rate was

sufficiently slow so that no pressure-time lag occurred.

Periodic checks of the nul l position of the probe were made by locating

it in the free stream upstream of the interaction region with an undeflected

shock generator. A hysteresis of 0.16 degrees was observed in the null posi-

tion of the probe if this angular setting was approached from different direc-

tions . To avoid any errors , it was necessary to approach the nul l from the

same direction in any particular survey , if possible. Yaw angle surveys that

have a change of sign in the angle variation with distance from the wall have

been corrected for the hyteresis error of 0.16 degrees a posteriori .

2.3.5.2. Pitch Angle-Pitot Pressure Probe

To investigate the boundary layer on the surface of the shock generator,

it was found important to fabricate a cobra probe that is angle sensitive in a

pl ane rotated 900 fro m the one of the yaw-pitot probe . The drive mechanism

used for this probe is the same as for the yaw-pitot probe . The operating

procedure , however , had to be different, since the drive cannot vary the pitch

angle of a probe , thus eliminating the possibility of using this probe as a

nulling device .

The movement of the probe tip normal to the surface of the shock gener-

ator was made possible by mounting the probe in the probe hol der shaft wi th a

180° difference in orientation , with a probe tip location 1.5 inches away from

the center of rotation , and subsequently yawing the mechanism. The pi tch angle

of the flow was derived by using the angl e calibration obtained for the yaw-

pitot probe.

The minimum outside dimension of the tip is 0.011 inches as shown in

Fig. 15. This small size of the tip resulted in a slower t ime response to a
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pressure change , which made it more practical to measure the profiles point

by point , rather than throug h continuous movement. An enlarged photograph of

the tip is shown in Fig. 14.

2.3.6. Static Pressure Probe

To obtain local values of the static pressure in the flow field , a small

cone -cy lir.der probe was desi gned , to he used in conjunction with the dr ive

mechanism. The design consists of a 20° half-ang le cone tip on a cylindrical

body constructed from 0.025 inc h hypodermi c tubing. Two static pressure ori-

fices of 0.008 inch diameter , 180° apart , 11 diameters downstream of the tip,

and fol lowe d by a 10 diamete r length of strai ght tub ing , are shown in Fig . 15.

These orifices are located at the center of rotation of the probe . Photographs ,

taken through a microscope , of both the tip and the static pressure orifices

are shown in Fig. 16.

The probe was traversed continuously, while being kept aligned . This

procedure involves an X-Y p lotter , which displays the positi on and the angular

orientation of the probe. The probe was traversed in such a way that the

plotter pen followed an already drawn line that represented the angle informa-

tion obtained from the yaw-pi tot probe . This procedure is straightforward but

tedious .

Some probe-wall interference , angle sens itivity and probe to oblique

shock wave interaction has been observed and will be discussed in Section 2.4.6

under data uncertainties .

2.3.7. Tota l Temperature Probes

Two fine wi re probes were constructed , according to a design based on

hot-wire concepts , to measure the local total temperature through the inter-

action flow field. The probes basically consist of a fine thermocouple wire
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spanning two supports . These probes can be used close to the test surface by

making the supports at a slig ht angle with respect to that surface and the

wire parallel to it. Two probes of this type were made , one with the wi re

parallel to the tunnel wall , in dicated as total temperature probe I in Fig. 13 ,

and one wi th the wire parallel to the shock generator surface , total temperature

probe II.

The actual sensing element is a chromel-alumel thermocouple junction mi d-

way between the two supports , which were also made of chrome l and alumel . All

joints were wel ded for strength purposes . The two supports pass through a

cerami c insulator held in the probe stem with epoxy . The diameter of the fine

wire is 0.002 inch and the overall aspect ratio was 50, as shown in Fig. 15.

Two photographs of the tips of one of the probes are presented as Fig. 17 at

approximately 60 times true size . One can observe the thermocouple junction

in the fine wire and can also notice that the support tips have been cut back

to form a wedge .

The total temperature surveys were performed using the same procedure as

was used for the static pressure probe in keeping the probe al i gned with the

known flow di rection while making a traverse.

2.3.8. Data Acquisition Systems

During the course of the study many different confi gurations of the

electronic data gathering system were empl oyed, as was also reported in the

earlier study (Ref. 4). The basic variation is the rate at which the data

was taken , the system involving the Scanivalve being the slowest, and the heat

transfer studies having the highest data rate. The major improvement compared

to the earlier work , concerned the speed of the ITI multiplexer , which has been

increased from 100 to 200 readings per second in order to be able to evaluate
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the tempe rature-time gradients in the heat transfe r technique more accurately.

Periodic checks were made by comparing standard inputs with the final output

at t u e  computer end to insure that the complete system operated up to its

specifications. A typical flow diagram showing a system configuration for

flow field surveys , is shown as Fig . 18 for co~; pleteness .

2.4 Estima ted Uncertainties and Reduction of Data

2.4.1. Transducer Calibrations

All the pressure s in the s tudy were measure d by Pace variable reluctance

transducers referenced to vacuum. These transducers have interchangeable dia-

phragms and their pressure operating range can thus be changed. They were

cal ibrated against accurate ~eise and Wallace & Tiernan gauges.

The thermocou ple signals were fed into high impedance Datel linear ampli-

fiers . The calibration was made by switching a standard millivolt source to the

input of the amplifiers and using the temperature -millivolt tables issued by

the U . S . National Bureau of Stan dards .

The traverse distance and the angular displacement of the probe were

indicate d by a linear transducer and ten turn potentiometer respectively,

which were calibrated against dial indicators .

All the transducers were calibrated before each run . Great care was

taken in obtaining precise calibrations; they were observed to be linear and

repea table within the accuracies quoted in Table IV.
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TABLE IV: TRANSDUCER ACCURACIES

Transducer Full Scale Accuracy % of F.S.

stagnation pressure 200 psia +0.4 psia + 0.2

pitot pressure 50 psia +0.1 psia + 0.2

surface static pressure 15 psia +0.02 psia + 0.14

flow static pressure 10 psia +0.04 psia + 0.4

L~p pressure 5 psia +0.005 psia + 0.1

temperatures 530 °R +1 .0 °R + 0.2

angular displacement: a 60° +0.05° + 0.08

probe traverse distance : Z 2.1 inch +0.001 inch + 0.05%

2.4.2. Shock Generator Defl ection Angles

The shock generator was moved manually by means of a screw drive manu-

factured to close tolerances (see Fig. 4). Its deflection angle is directly

related to a mechanical counter geared to the drive shaft and the various de-

flection angle settings could be repeated to within 0.05 degrees.

Two shock generator deflection angles are defined in this study . One

is the geometrical generator angle , 4~ , which represents the physical position

of the shock generator surface with respect to the tunnel axis. A second is

the effective shock generator angle , aG , which is a number computed from the

average val ue measured by the static pressure taps on the generator and the

upstream free stream Mach number using oblique shock theory. It should be

noti ced here that these effective shock generator angles will slightly depend

upon the particular location of the generator taps since it can be expected

that the generator surface static pressure distributi on is not uniform. The
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‘ nominal shock generator angle ’ has been adopted as the nomenclature , indi-

cating the effective or geometrical one rounded off to an integer value .

The disp lacement effect of the boundary layer growing on the surface

of the genera tor is considered to be a firs t order approximation of the dif-

ference between the ef fect i ve and georretrical shock generator angles . This

dis p lacement thi ckncss , as wil l  be discusse d later , was measured at X = 7.6

inches for nom i nal generator angles of 4 and 10 degrees and was found to be

0.0287 and 0.0269 inches respectively. This allow s one , by assuming linear

growth of the displacement thickness , to compute (a G - 

~~~ 
for 4° and 10° and

to compare i t w i th the actual difference found. The results , for all the shock

generator ang les considered in this study , are presented in Table V.

TABLE V: SHOCK GENERATOR ANGLES (DEGREES)

Nominal ~G ~~~~~ 
(aG_ ~G) (aG_ ~G) 

*S.G. Angle Geometrical Effective Measured Computed from ó

2 1.65 2.00 0.35

4 3.75 4.00 0.25 0.22

6 5 .65 6 .10 0.45

8 7.65 8.00 0.35

10 9.75 10.00 0.25 0.20

12 11.80 12.05 0.25

13 12.80 13.10 0.30

14 13.80 14.10 0.30
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2.4.3. Surface Static Pressure

The most usual method of measuring surface static pressure (also

employed in this study) by using a hole drilled in and normal to the test

surface, is subject to errors . Great care has been taken to avoid burrs ,

rounded edges or other i mperfections , but even when the hole has a near per-

fect geometry a residual error remains. Franklin and Wallace (Ref. 9) have

measured this residual “static-hole ” error in a most definitive study by using

transducers mounted fl ush wi th the surface .

We may compute this “static-hole ” error , using the universal relation

presented in Ref. 9 and extending it to compressible flow by evaluating the

density and kinematic viscosity at the wall temperature . The resulting

“static-hole ” error for the initial boundary l ayer flow with a hole diameter

of 0.032 inch is found to be 10% of the local shear stress. But since the

shear stress is or~1y 0.7% of the local static pressure level , this does not

produce any signifi cant error even if the shear stress is allowed to increase

by a factor of fi ve in the interaction area. It is interesting to note that

this result does not directly depend upon the relative size of the hole com-

pared to the spatial scale of the boundary layer.

There will be a second error in the static-hole reading if pressure

gradients are present , which the Franklin and Wallace correlation did not take

into account. This error can also be expressed in terms of displacement , e

of the effective center from the geometrical center and can accordingly be

estimated by making the physical assumption that the effective center remains

wi thin the hole diameter , d (e.g., - ~~
- <  

~
- <  

~-) . The maximum pressure gra-

dient in the present work has been observed to be 70% per i nch and this results,
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wi th a maximum hole diameter of 0 .032 inch, in an upper bound of the pressure

gradient related static-hole error of + 1%.

Additional uncertainties in the data obtained , ari se from the geometry

of the test surface . Examples of these would be leaks along the edges of the

2 inch static pressure plug, however smal l , which could not be eliminated , and

the pressure-time lag in the Scanivalve (see Section 2.3.2). These two items

can be appraised if one realizes that any one static pressure trace consists

of at least four di fferent plug locations , each sampled wi th opposite directions

in Scanivalve rotati on .

The overall uncertainty of the static pressure data is estimated to be

less than + 2% of the upstream static pressure level.

2.4.4. Heat Transfer Studies

2.4.4.1. Heat Transfer Data Reduction

The procedure for taking the actual measurements has been descri bed

in Section 2.3.3 and typical temperature-time traces have been presented as

Fi g. 10.

Let to indicate the time at which the slug and tunnel wall have the

same temperature and evalua te the heat transfer rate at time t0 . From an

exponential curve , fitted to a total of N points symetrically distributed

around time t0 , one can evaluate the temperature-time gradien t of the slug

as given by Equation 1.

N T -T51 awz (t . - t ) 9 ~n~ 
}

r s1 — 1 
w aw

— ‘‘w ‘aw’ N 2 
. .

t0 
i=l 

(t1 -t0)

where i is a successive time-index of data points in a trace.
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The conservation of energy requires that the rate decrease of the

internal energy of the slug is equal to the sum of the convection , radiation

and conducti on. By neglecting radiation and conduction one can compute the

convective heat transfer rate directly from Equation 2:

m c  dl

S t 0 

(2)

Finally, the heat transfer coefficient follows from:

3Ch 
- 

~ 
u1 cp (Tw

_T
aw) 

( )

It should be noted here that th is heat transfer coefficient , as it is evaluated

within the interaction region , has been non-dimensiona lized by the mass flow

rate, p1 u1 , in the free stream ahead of the interaction . This definition

also incorporates the assumption that is proporti onal to p1 u1 (Tw_Taw)

for small test to test variati ons in tunnel total temperature and wall tempera-

ture. This means that if p1 , u1 , T~ and Taw are evaluated at the specific

conditions of each individual measurement point , Ch will be invariant for

small changes in test conditions. This procedure has also been followed in the

earlier work (Ref. 4).

Equati on (1) has been evaluated wi th N = 18 in this study and since the

time between data points in a trace is 50 milliseconds , the exponential curve

spans a time period of 0.85 seconds. To check whether the results are consis-

tent with the data points from which they are derived , a secon d data reducti on

scheme, replacing Equation (1), has also been emp loyed . Thi s second method

divided the set of N = 18 points into 12 subsets of 7 consecutIve points each .
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For each subset the temperature-time deri vati ve was evaluated by fitti ng a

straigh t line through the 7 points. The heat transfer coefficient was obtained

from Equations (2) and (3), in which the slug temperature at the central point

of each subset of 7 was substituted for the wall temperature. The final heat

transfer coefficient was obtained by sunining the 12 coefficients obtained for

the subsets and dividing by 12 .

This second procedure was used to s creen the coefficients derived with

the use of Equation (1) for consistency with the original data , i.e. if the

two methods produced coefficients that were not wi thin 5% of each other, the

trace was discarded. This requirement , however , turned out to be satisfied

for P9~ of the data , proving the consistency of the results obtained.

2 .4 .4 .2 . Adiabat i c Wall Temperature

To measure the local adiabatic wal l temperature in the interactions

one needs to satisfy some very stringen t requirements . The principal one is

that the device used to measure it should not change the conditions of heat

transfer that would exist if it were absent. This eliminates all conventional

instrumentation that indicates the adiabatic wall temperature directly. An

often employed alternative is to measure heat transfer rates at many di fferent

dri ving potentials (lw
_l
aw) and paranieterizing the resulting heat transfer

coefficients with respect to the unknown Taw . The local adiabatic wall

temperature can then be determined from the requirement that the heat transfer

coefficient shall be invariant for various (Tw
_Taw )• This method , however ,

could not be used because the driving potential is a characteristic of the

present facility and cannot be changed at will for a tunnel wall mounted model .
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A completely different and simple way of solving this potential problem

is to discard the idea of a local adiabatic wall temperature in the inter-

action entirely as done in this study .

Measurements of recovery factors, r , have been obtained for supersonic

flows on insulated surfaces with constant pressure and have been reported to

be approximately 0.89 where r is defi ned in Equation (4):

r = (4)

Thi! can be used to write the adiabati c wall temperature di rectly in terms of

stagnation pressure for a fixed Mach number:

T T
(5)

I
Hence, with r = 0.89 , P1 2.94 and = 0.3665 this results in

Taw = 0.930 T0 (6)

Equation (6) is valid for the initial constant pressure turbulent boun-

dary layer in thi s study . This relation for Taw evaluated with T0 for

every specifi c test, has been u:ed throughout this study. If used in Equation

(3) it results in a concise definition of the heat transfer coefficient , since

the coefficient becomes directly proportional to the dimensional heat transfer

rate in nonadlabatl c, physical situati on and no computations involving local

adiabati c wall temperatures have to be executed .
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2.4.4.3. Van Driest I! Skin Friction Formula

It is reconinended by Hopkins and Keener (Ref. 1) that the van Driest II

correlation with a Reynolds analogy factor of 1.2 be used to calculate the

heat transfer coefficient for near adiabatic tunnel walls exposed to super-

sonic Mach numbers . This scheme is claime d to predict the heat transfer coef-

ficient within + 10% for near adiabatic temperature conditions . A suniTiary of

the scheme , presented as a transformation to an incompressible situation (Ref. 1),

is given in the following equations.

= 
~~ 

Ree (7)

l/Cf = 17.08 (log10 
) + 25 .11 log10 ~~~ + 6.012 (8)

Karman-Schoenherr Eq .

Cf = Cf/Fc (9)

‘1 ’  2 1 1 2
where = r N , /(sin a’ + sin ~

‘)

1/2
and a’ = (2A 2-B)/(4A2+B 2)

2 2 1/28 ’ = B/(4A +B

A2 = (y-l ) r

B = (1 +r t~i~ M~
2 
- ~

) 
~~~~~

.

ChvD
=
~~~

Cf = 0
~
6C f ( 10)
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The heat transfer coefficients in the boundary layer upstream of the inte r-

action are computed for the range of test conditions specified in Table III

of Section 2.2.3 and using the fol l owing data :

p0 = 100 (psia)

8 = 0.025 inch

r = 0.89

s =1.2

= M1 = 2.94

T = T = 0.3665 1
~ 1 o

= U 1

resulting in: Ch = 0.000711 + 0.000012
vD —

These results show that, theoretically, the variations of temperature condi-

tions amount only to a + 1.7% variation of the heat transfer coefficient in

the upstream boundary layer flow .

2.4.4.4. Heat Transfer Variation wi th Reynolds Number

Prior to making the heat transfer measurements in the interaction region

at 100 psia stagnation pressure, some preliminary measurements were carried out

in the boundary layer upstream of the interacti on region with an undeflected

shock genera tor an d a var iable stagna tion pressure ran ging from 75 to 200 psia .

The resulting heat transfer coefficients of these measurements divided by tfle

van Dr iest va l ue , computed as set out in Section 2.4.4, are presen ted i n Fig . 19

as a function of both Reynolds number based on momentum defect thickness as well

as stagna tion pressure In psia. One observes that the measuremen t points are ,
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on the average , l0~. hi gher than the predicted value , and fall within a band

between -l5~ and +10:.. If one realizes that the dimensional heat transfer

rate var ied from 0.6 to 2.4 (Btu/ft 2sec.), although the heat transfer coeffi-

cient does not change significantly over the Reynol ds number range , and that

the same range in dimensional heating rates has been observed in the interaction ,

one can conclude that the technique employed certainly should indicate the cor-

rect trends and levels of Ch in the interaction region. In other words , one

can consider the correct verification of the change in Ch with Re0 to be a

calibration of the technique , although it is not used as such.

2.4.4.5. Heat Transfer Data Uncertainty

Assumptions of the technique , e.g. neglection of radiation and conduc-

tion losses , have been veri fied and found to be correct. A good estimate of

these errors has been given by Reinecke (Ref. 10) and will not be repeated

here . The largest source of error in the present results , althoug h improved

compared to the earlier work (Pef. 4), is found to be in the basic inaccuracies

of the temperature measurements , (+l.O°R) followed by a differentiation of the

data . The final heat transfer data in the interaction is considered to have

an accuracy of +15% of the van Driest value . Averaged values of the results

obtained , however , are believed to be much better than the number quoted above.

2.4.5. Cobra Probe Surveys

2.4.5.1. Cobra Probe Displacement Effect

A pitot probe or a cobra probe placed in a shear flow does not measure

the true pressure that exists at the geometric center of the probe in a flow

with rio shear. The effective center is said to be ‘displaced” from the geo-

metric center. If the magnitude and the direction of this displacement , t~ , are

known , corrections to the pi tot-probe measurements can be made for this effect.
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Experiments to appraise this effect have been made by Young and Maas

(Ref. 11) at low subsonic speeds . They found that the displacement towards

the region of hig her velocity , ~ . , divi ded by tne probe heig ht , H , had a con-

stant value of 0.18. This value of La/H = 0.18 was revealed to be independent

of H , the mean pitot pressure , and the magnitude of the transverse total head

gradient across the probe face. More recently Allen (Ref. 12) studied this

displacement effect in a turbulent boundary layer at a Mach number of 2 and his

experiment yielded an average val ue of 0.38 for tx/H ; it is interesting to

note that Allen also observed L~/H to be independent of H , pitot pressure,

and its gradient across the probe face. An experimental study by Johannesen

and Maler (Ref. 13) at a Mach number of 1.98, however , showed that there was

no displacemen t effect in supersonic shear flow.

In view of the contradictory findings at Mach 2 and the fact that the

hei ght of the present yaw-angle /pitot-pressure probe is only 3.2% of the initial

boundary layer thickness , no correction to yaw-pitot measurements h ave been

made . This will not affect the uncertainty of the measurements in general , but

may be important for the measurement points wi thTh one probe height from the

test wall.

2.4.5.2. Cobra Probe Angle Sensitivity

Although the yaw angle-pitot pressure probe has mainly been used as a

nulling device , it was nevertheless calibrated as a direct reading device .

This calibration was achieved by moving the probe off the null position and

observing the difference in pressure in the outer tubes , ~p . The procedure,

performed at var ious static pressur e levels and pitot pre ssures , showed that

~p varied linearly with the probe deflection angle , a~ , for small deflec-

tions (_100 < < 100) . The data obtained can be corre l ated accord i ng to
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Equation (11) as shown in Fig. 20.

~ = C ~
‘
~~~~~ - -l 11da ‘p ’ 1 ‘p

where C1 = 0.036 + 0.004 (deg~~) for -10° < a~ < 10° and 1.1 < M < 3.0

This equation simply says that the pressure di fference, Ap , is proportional

to and is also proport ional to the difference between pitot pressure and

static pressure . For supersonic fl ow the ang le sensitivity can also be ex-

pressed with Mach number dependence only by using the Rayleigh pitot formula

and y = 1.4

2 3.5 2.5

~1:~__ (~P ) = C1 {(~~—) ( ~ ) 
—1) (12)a p 7M -l

1.1 < M < 3.0

The constant C1 is primarily a function of the angle at which the outer tubes

are cut back (45° in this study) and the ratio of the probe tip width , W , over

the heig ht , H . (W /H = 6 for the yaw-pitot probe.)

2.4.5.3. Cobra Probe Data Uncertainti es

As discussed in Section 2.3.5.1. the yaw-pitot probe has mainly been

operated as a null device . Small misalignment , however, could still occur and

this has been corrected for by using Equation (11). The minimum accuracy of

the flow angles obtained can be assessed by combining the accuracy of the Ap

transducer wi th the ang le sensiti vi ty of the probe . From Equation (12) one

obtains for

N = 1 .1: t.xP/Aa~~ 
= 0.041 p1 (deg~~)

and H = 3.0: AP/Aa~ = 0.40 p1 (deg~~)
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The minimum static pressure is 3 psia; this combined with the l owest angle

sensitivity at M = 1.1 gives :

(A~/Aa~) 1 = 0.041 * 3 = 0.123 (
~~~

)

With an accuracy of + 0.005 (psia) for the Ap transducer , there results a

maximum error for the flow angle due to probe misal i gnment of + 0.04°.

These estimates combined with the a transducer accuracy of + 0.05°

and the repeatabiPty of angular settings of the probe drive mechanism results

in the overall estimate that the flow angles measured by the yaw-pitot probe

are accurate within + 0.1 (degrees).

There is usually no prob lem, as there is with a static pressure probe ,

in obtaining accurate pitot tube measurements across an oblique shock wave ,

since the pitot pressure is infl uenced by the bow shock/oblique shock inter-

action at distances less than one tip height as shown by Bannink and Nebbeling

(Ref. 14). The overall accuracy of the pitot measurements is therefore esti-

mated to be well within +1% of the maxi mum pitot pressure.

2.4.6 Static Pressure Surveys

The particular types of static pressure probe employed in this study,

the cone-cylinder type, is known to create extraneous interference if the

probe extends across an oblique shock wave. Back and Cuffel (Ref. 15) have

appraised this interference effect between the probe bow shock and the oblique

shock wave at a Mach number of 3.5 and with an oblique shock wave created by

an 8.3° flow deflection . Errors up to 50% of the static pressure di fference

across the shock were measure d . I t shou ld be remembered , however , that these

errors only occur if the probe, which Is approximately 20 diameters long,
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extends across the obli que shock wave and thus only affects the measurements

in the vic ini ty of the shock.

A su perior method of makina static pressure measurements in the vicinity

of oblique shock waves is the conical static pressure probe technique , which

employs a s tat ic  hole on the conical surface of a probe tip. This method has

the advantage that the static pressure can be measured up to one cone-ti p

length from the shock , simi lar  to the behavior of a p1 tot probe in the vicinity

of a shock. This con ical stat ic pressure probe technique has some drawbacks ,

namely an extensive Mach number calibration is needed , and the pro be does not

read the static pressure directly. An iterative procedure is then requi red

because the Mach number is not known independently from the static pressure to

be measured. The ang le sensitivity of this probe , as reported by Norris (Refs.

16 & 17), can be viewed as an advantage since it could be used as a yaw meter,

• al though this sensitivity is not as large as the one for the cobra probe em-

ployed in this study . This conical probe has not been employed in the p resent

study because of its limi ted usefulness compared to the effort requi red.

The angle sensitivity of the cone-cylinder probe has been determined in

the constant pressure boundary l ayer upstream of the interacti on , as this mi ght

give an insi ght to the errors caused by an misali cinment that might occur in the

operational procedure described in Section 2.4.6. The results are shown in

Fi g. 21. One can observe that , with the probe aligned , the direct reading is

within +O.4~ of the correct value , w h i c h  compares favorab ly w i t h the resu lts

obtained by Cronvich (Ref. 18). Wi th a misalignment angle within +4° the probe

still records the correct value within +1.6%. Above 12°, however , the reading

rapidly deteriorates.
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The cone-cylinder probe also causes a wall interference at some distance

from the test wall as the tip bow shock reflects from the wall and impinges on

the cylinder in the neighborhood of the static-holes . This problem does not

arise when the probe body is sufficientl y close to the wall as shown in Fi g. 21 ,

where the data for a static-hole to wall distance of 0.050 inch is shown ; in

that case the probe reads the correct pressure as indicated by a wall surface

static-hole.

Other uncertainties in the static probe readings remain because of its

long body (20 diameters), and thus its unknown capability to resol ve continuous

static pressure gradi ents , and its unknown response to strong streamline curva-

ture. With the exclusion of the data obtained within the vicinity of the

oblique shock wave and the data that shows obvious wall interference , the

readings of the cone-cylinder static pressure probe are nevertheless estimated

to have an accuracy within +5% of the upstream static pressure , p1
2.4.7. Total Temperature Surv!yI

The fine wi re probes used in thi s study are designed according to hot-

wi re concepts and do not record the total temperature directly, but rather indi-

cate a wi re recovery temperature , which is equal to the adiabatic wire recovery

temperature if conduction and radiati on losses can be neglected . Even if these

radiation and conduction losses cannot be neglected , as is the case in high

temperature , low density flows , it has been shown by Vas (Ref. 19) that the

• local total temperature can still be determi ned with sufficient accuracy by

• such a fine wire probe .

The adiabatic wire recovery temperature, as reported by Dewey (Ref. 20)

is equal to C.950 times the stagnati on temperature at Mach 3. The present

experiments have shown a wire recovery temperature of 0.948 T0 in the free
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stream and thus indicates a loss by conduction of 0.2%. The present wire

temperatures have been reduced to local total temperatures by assuming a con-

stant recovery factor for the fine wi re. The recovery factor is defi ned as

a nondimensional enthalpy increase:

T .-T
(13)

t-

• with H = 2.94 , = 0 .3665 T~ = 0.948 T0 and T
~ 

= l~ in free stream,

hence

r = 
TWi T 

~
) = 0.918

From this resu lt we can f ninediately compute the total temperature as a function

of Mach number from:

—l
~— =  (1 + 0.2 H2) with -y = 1.4 (14)
t

and from Equation (13)

~~
1= r + ~~~~( 1-r) ( 15)

Substi tute (14) in (15)

- 

TWI/lO

° r+(l-r) (l+O.2M2) (16)

r=O.9 l 8
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wi th T0 : tunnel stagnation temperature

Tt : local total temperature

Twi : wire recovery temperature

M : local Mach number

• This Mach number dependence does not result in any difficul ties , since it is

already known from the pressure measurements.

It has been assumed that the variati ons in the ratio of tunnel wall

temperature to tunnel stagnation temperature do not infl uence the val ues ob-

tained for Tt/T in the interaction flow field. This is based on the obser-
I

vations that the ratio is nearly a constant of 1.21 + 0.04 . The small

variations in this parameter are mainly limi ted to the laminar sublayer , which

is of such a smal l physical extent from the wall that no data points have been

obtained in it.

The total uncertainty of the total temperature results is estimated to

be within +1% of the tunnel stagnati on temperature .

2.4.8. Derived Flow Field Variable s

Wi th the measured values of pi tot pressure, static pressure , yaw angle

and total temperature one can compute the Mach numbers , u and v velocity

• components and the densities throughout the flow field. But since the various

measured surveys do not have an i dentical number of points in the Z-direction ,

one has to set up a standard array of Z values at which the measured quan-

tities are to be known. This process does not involve any data interpolation

si nce con tinuous surveys have been taken with many more data poi nts than needed

for the actual standard Z array.

The val ues of Mac h num ber , u and v veloc ity componen ts an d dens ity

follow from the following equati ons:

40



.- ~~~~.~~~~-~~~
• •- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~

. .

-Y

• P (1 + Yj_ M ) if 1.893 (17)

y 1

~t = E (
~~~

)M 
~ 

[ ~~~~~~ ] if ~~
-
~~- >  1.893 (18)

P 2 ?4 -(i-I) p

T = Tt/(1+ 
i-l £12) (19)

p P/RI (20 )

u =  F1v~i~T cos a (21)

v = M 1 S~T sin ct (22)

In addition , the velocity component in the Z-di rection can be deduced

from the u , v components and the density p by integration of the continuity

equation :

w = - 

~ J {fr (pu ) +~~~ (pv )} dz ’ (23)

It should be noted that the actual val ues of w obtained should be small corn-

-

• 
pared to since the total Mach number is based upon the u and v

velocities only and coul d be considerably in error if l arge relati ve values

of w are found. This requirement can be checked a posteriori however. Two

pi tch angles can now be defi ned , 8 and i
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8 = tan~ (
~

-) (24)

y = tan~ 
w (25)

2.5 Uniformi ty of Initial Boundary Layer Flow

Most of the previous experiments , Stanbrook (Ref. 21), McCabe (Ref. 22),

Lowrie (Ref. 23), Token (Ref. 24) and Peake (Ref. 25), have been conducted wi th

the turbulent boundary l ayer developing on the sidewall of a two-dimensional

nozzle. This sidewall boundary l ayer will be transversely non-uniform due to

the presence of transverse pressure gradients in the expanding part of the noz-

zle which causes the boundary l ayer flow in the nozzle to accumulate near the

center of the sidewall. The magnitude of this undesired effect increases as

the nozzle Mach number increases .

In some of these studies the non-uniformi ty has been reduced by taking

appropriate counter measures . Lowrie re-designed the nozzle l ayout. Peake

installed a V-type vortex generator at Mach 4 to “smear out” the non-uniformi ty,

but was only moderately successful because large transverse non-uniformities

still remai ned which at Mach 4 reportedly are of the order of +8% in static

pressure and +50% in displacement and momentum defect thickness. The best

counter measure has probably been taken by Token who only used the central 33%

of the sidewall as a test region but still was left with a 13 inch wide area.

In that study, however , transverse pressure di fferences of +3.5% remai ned in

the test region . These non-uniformities basically limi t the experimental accu-

racies that can be obtained within the shock wave/boundary layer interaction .

Recognizing this potential problem , the test section and shock gener-

ator have been designed such that the boundary layer entering the interaction
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originates from the contoured wall in the two-dimensional nozzle , as i s shown

• in Fig. 22. This boundary l ayer has• been surveyed extensively and shown to be

extreme ly unifo rm transversel y across the centra l 6 inches of the 8 inch wide

test section . The magnitude of the un i formi ty is measured to be + 0.7% in

static pressure and + 5~ in boundary layer displacement and momentum defect

thicknesses (Fig. 23). This level of uniformi ty is considere d to be an impor-

tant imp rovement over previous studies in which flow field yaw and es have

been measured.

2.6 Summary of Estimated Uncertainties of Data

The final experimental uncertainties , as discussed in Section 2.4, are

• larger than the accuracies of the transducers used to obtain the various data .

This , however, does not imply that the uncertainties are inherent to the basic

instrumentati on techniques employed. The specific application of the tech-

niques in each part of the interaction is the factor wh ich determines the

final uncertainty of the data . The percentages given are therefore an upper

bound for the accuracy and many results are believed to be more accurate than

the numbers quoted in Table VI .
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TABLE VI : SUMMARY OF DATA UNC ERTAI NTIE S

Quanti ty Measured Symbol Uncertainty

stagnation pressure p
0 +0.5% at 100 psia

stagnation temperature T
~ 

+0.5% of 450°R

surface static pressure p t2% of p1

surface heat transfer Ch +15% of Ch1

flow static pressure p 
~~~ 

of p1

pitot pressure 
~t 

+1% of Pt1
local total temperature It t1~ of T~
flow yaw angle a +0.1 degree

probe location Z +0.002 inch

• effective shock +0.1 degree
• generator ang le

2.7 Sumary of Data

The data obtained is graphically presented in 10 detailed appendi ces,

A through 3.

Appendix A contains the surface stati c pressure distributions obtained

alon g instrumentation lines parallel to the Y axis for various shock generator

angles and X locations . Both the computed shock location as well as the static

pressure level measured at the surface of the shock genera tor are indi cated for

each trace.

Appendix B shows the isobar patterns obtained di rectly from the data in

Appendix A. The pressure p1 and p2 are the sta tic pressures in fron t of

the interaction and on the surface of the generator. The increase in surface
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static pressure, going from p 1 to p2 , is divided into 10 equal steps and
p_I’1the corresponding 10 isobars at constant values of ( ) are shown inp2 p1

the figures of the appendix.

A ppendix C summarizes the heat transfer results , non-dimensionalized

by the computed van Driest II values , obtained for the initial boundary layer

(see Section 2.4.4.3). The data shown is taken at instrumentation stations

parallel to the Y axis at various X locations and for 7 shock generator angles

rang ing from 2° to 14° in 2° increments . The corresponding surface heat

transfe r patterns are presented in Appendix D.

Appendices E and F contain the results obtained with the yaw-angle/

pitot-pressure probe. The tick marks on the Z = 2.0 inches axi s indicate the

level which the traces theoretically should approach at large distances from

the wall. The Appendices total 49 surveys each , which can be divided into 7

groups as shown in Table VII.

TABLE V II : YAW-PITOT SURVEY GROUPINGS

NSGA X Number of
degrees inches surveys

0 3.561 5

4 7.579 16

4 7.079 5_

4 5.079 3

10 7.599 14

10 7.099 3

10 5.099 3
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Appendi x G presents, in graphical form, the results of the flow field

measurements . The data affected by probe-wall interference (Section 2.4.6)

has been el i minated and repl aced by a linear interpolation of the values mea-

sured at 2 = 0.25 inch and by the surface instrumentation . Figure G-8 shows

two profiles where the cone-cylinder static pressure probe interfered wi th

the shock-wave at larger val ues of Z resulting in off scale values which have

been replaced by a constant estimated level . A total of 29 surveys are plotted

which can be divided into groups as shown in Table VIII :

TABLE VI II : STATIC PRESSURE SURVEY GROUPINGS

NSGA X I Number of
degrees i nches surveys

4 7.579 12

4 5.079 3

- 10 7.599 11

10 5.099 3

The data obtained with the fine-wi re thermocouple probe I is plotted

in Appendix H. This data can be divided into similar groups as the data of

Appendix G, as shown in Table IX.

The final two Appendices , I an d J , contain the results obtained with

the pitch-pitot probe and thermocouple probe II respectively. The final three

traces of Append i x J , taken at the same location , with the same shock generator

an gle , but wi th different shock generator temperatures (see Ref. 5), show the
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limi ted extent to which the shock generator temperature infl uences the total

temoerature distrib ution in the interaction flow field.

TABLE IX: TOTAL TEMPERATURE SURVEY GROUPINGS

NSGA X Number of
degrees inches surveys

0 3.561 1

4 7.579 10

4 5.079 3

10 7.599 9

10 5.099 3
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3. CONCLUDING REMARKS

A detailed study of three-dimensional flow fields and surface pheno-

mena caused by the interaction of an oblique shock wave , a shock generator

and a high Reynolds number turbulent boundary layer , was carried out. This

initial turbulent layer has been shown to be uniform in the transverse direc-

tion across the central part of the test wall. The main results obtained

during the present contract effort include detailed surface static pressure

distributions and surface heat transfer patterns from which a physical insi ght

into the spatial scale of the phenomena may be derived. In addition , detailed

flow field measurements were conducted to fully resolve the flow field , in-

cluding all three velocity components . This combination of detailed surface

data and associated flow field surveys provides the opportunity to check how

the two sets are related and may lead to a deeper understanding of the problem

under consideration .

Special attention was gi ven to the mathematical formulation of the physical

boundary conditions which existed in the experimental configuration . In addi-

tion , the validity of the experi mental methods employed to obtain the various

data was discussed extensively and was complemented by a detailed tabulation

of the est im ated upper bou nds for the accuracies of the var io us data . These

considerations are considered to be important since the final analysis of the

experimental data obtained , will heavily rely on the accuracy achieved. No

discussion in terms of the physical interpretation of the presented data in

relation to the problems of viscous -Inviscid interactions is given.
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FIgure 4. Line Drawing of Shock Generator Mechanism.
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Fiç’ure 11. Photograph of Probe Drive Mechanism .
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FIgure 14. Frontal View of Yaw-Pitot Probe (above)
and Pitch-Pitot Probe (below).
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FIgure 16. Photograph of Static Pressure Probe Tip.
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Figure A-i : Surface Static Pressure , X = 4.6 inches .
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Figure A—3: Surface Static Pressure, X = 5.6 inches .
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Figure C-i: Surface Heat Transfer, X = 4.6 inches .
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