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PREFACE

This paper was written expressly for Professor Henry T.
Nagamatsu, Professor of Aeronautical Engineering, Rensselaer
Polytechnic Institute, Troy, New York. The length
limitation of the paper prohibited a detailed discussion on
the elementary principles of shock tube operation and other
gas dynamic phenomena. For this reason, readers unfamiliar
with these concepts should first begin with a thorough
review of the principles of unsteady, one dimensional gas
dynamics. An excellent text for this is Gas Dynamics, 2nd
ed. by James E. A. John, Allyn and Bacon, Inc. Newton, MA,
1984. Also, readers unfamiliar with the elements of
computational fluid dynamics should begin with a review of
these elements. An excellent text for this is Reference 1.

I am extremely grateful to Dr. Gary Carofano of the US
Army's Benet Weapons Laboratory for the work he did in
applying Harten's scheme to an easily workable computer
code. In addition, his many informative and stimulating
discussions led to an easier understanding of the
complications of CFD limitations, the thermodynamics of the
problem, and an overall better understanding of these
phenomena. His patience and depth of understanding are
greatly appreciated.
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(~uer OneI

._JF HC I VE~ )F jHE STUDY

This work wa-3 undertaken to accomplish two goals: to
'ccnrduct a numrer ic:al arnalysis, of the test, timi avai lable in
tii. ;;ei-ss6ela :r ?oiyti--I ii: I ri-,t *tut"e (RPFI) hLypersonlic. shuck
t trnel I ATd r in rine the -undi t ioric yi1eld inr. the maximum
po~z' S l t It - f1()w d ur a t ion1- t' jItf-l .

HIS:TORIJ.AI. BACKGRFOUND

lit the Ii .- ~ 1950s and i-ai ly iq-E5Os mu-h aeronaut icai
re..earch wa:;; beir)? devote, IL) tiie high Mac h number regiic-
kn~own as hyper -.nnic (27:1). The research centered prir~arilv
(:i -:xperimental ;3 7;' 1 -*: 4,2 r~d analytical
(16,2(-,2'),3(.) work in. support c-f such program~s a3 Mercury,
Gemini, Apollo, arid X-1 15 for the National Aeronautics and
Space Admiistration (NASA)~ anid research on balliStit-
missile reetry vehicles fi,r th~Air Force and Navy (44:2).
In the early 1970s, the X-15 and Apollo projects were
,cmpleted, America'%z Superc.oriilo Transport (SST) was killed
by ( o'ngresc, airid the bulk of the design work for the space
shIuttle was c-_ompleted. Few resieay chI dollars were availabl#:
for lhy?ersEorii.-, aw.roJynr,:ii,.!. c _, u ing thp ef fort in thisT area
to -_:top 44: -l). Virtually al!i of thle hypersonic experim-rit.
res-earch facilities in thi- Unrited States f-iL- into a F.tate
cit 'i .;use oy dwi ,h._!ij -:*ip sold for scrap -27; 1).

W '~4 r p-i ~c. ~.ej .h r the Uni te. i 2 wa-s
;,tar y one: seri .Lisi- of stluie of the: hyVPer:;orni c

t .~a r c I d.a rxii 'ct iifl Rd ferencves 2,' and 3.3.

ToE)!.y i>c ',a~ci pron is-a ma inly being
r-riclcted ini the growing t it-ld -)f computat irha i fl uidl

dyldinc; .This wa,:. inwAde pojssible by t Ae tremendouas
~rre;it, the- memory .irvl -:omutational pcwker of modern

c.1I~~~Ed(J mpii . t is ow po-, il ble to obta *ri the complete
t.,ree-dimensiorjal inviscid f icw f ield arjund_ a hypersonic
veile1. CFD his the advaratag--; of being ale to yield

ckt.i ldpi- 1ur(e;s of the f1..-w li eld:s uricontanilnat-ld by
lntrusive mn'2ac 'ir Ing ~ wli .1 disturb tht flow. The,:

id ~ ~~pn-~of exe vi~ woz k makes CFD, more attrcici ivea



i~* >~t ~ -~ 'rht - (T w.t1 oe- h; w*ive are

Litt y approx -inct lu-m, .31 thr-~h -)I f he f J ojw Art,! 1 equi 1 ir-

p1 fy~~ a: -u nt. m~to kP-.- iii'-mlr yrv i-eqi1.r-~me itt -an rd
coniputa t ioia 1 ti mru: reasonab1 - ,-- wi th tht_ 1nus puwerfuli

rn~z oputet s. Ther.L- are snr '>ix inta I f .i i t.1 ie%:.
s tJ.I Ii Jr-,irig u _ed iiowe-ve r. Li or ier to iniia lly valid1~te

CI : m-(TIU rr&thucd:;,, ::Per imen t.d ',. r'2.j tWIt 1b. 11-3 Thi i -

Dz-,!-;l w,,y tto oKi-k the val;iity .)f the -:ofL)utztiuLaI

*when bi1ir'Withi th.? e~~ as -f te'At (it1 hyper-cnl.-

SI (NI HICANCE J. ', -JPLF

in ri?19, th.-- iititerest i n 1.yp- r -:niic-s wa; prompjt4ed by tho-e
n edc f ci more knowledge to suppi r t i teCw v ei I n1. -*E.o 1)pf.

2m-cf t h t-!se p rj ct- a re

T he Aeo ±S-td 01 b i t' ra nf e r Ve E-h
*A:ri t~ o 1 u ced t o t r,o.t i-vod i.tw-n

hr hiIi )uL-, c b it to uw Cv t hi cor 1hi t 1 F, U o
relndez voZus W ! t h il-he shvi i je Dur ing Ohe
atzrodynamic rkngsa' th- vte'hiclep will tr-,Avel

y c--:; ,i i.-o1 1 y K3 Mac h 36 t ir'It~ t h- ear t h~'

1 rnc-Z.pher.- at . &titude:; or2)t i to t500, ())( feet.

Flhe N.-ltit onai Ae ros §?Pln N3). i i

For,.e veil -. le will take' ol I nd lanc!
ticr :mtally from conventic-mai- airport.;, be 'able
t f -a vlye at Ma~c I 12, go i nto ()y bhit_, ifcor b i Iarid
urn]d Thi-, ivi jiian ve r si oni o f jhi ! v.i h i. IP w i I1]

I.-% V, ' a t --j hou Ma,.,h 7 a rid ho cu t L I0oiW f eet ThItis

the zco- al1led Orient £F<pre?:. Hyper sonic-

-se) (D g;od -,ge ie rat i on itjc sht Ile. A.
t.,-c inu lcicy arid kiiowledge I o aea eui-nratIo

~ril.4 leWill ~. 1to be ILull t fr) fulfill the nieed

f fi-r a, fol I LW, il- .pc- mv veh ;I I .

4 -Low-hvt_,rauru f miis 1-. ant i- t A nk pont,--rts .
r %.+ A rmy 'at ii-1 h~ypersonc Ma( h '7) n- r---a b i 1Ize

F 1rMAOr pi r-* i ri,, tro ect iI le-. t ..~pe nie zi A te .cv t ncd avmo r;
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A J3u.h .t j vt,',i :-, n r.-..ri. - 'It, a 1nmo ph-i t. , M~l - I .

A t. V i t mp; p . i r ,, I i ndI ht ri, m; I AiiF

MA% i A L



i 7 :4 1 , A t.ial.. t ~i-4ii'r.-i Iij o -j i t IL n o oIJ"I h haves, 'I o

Wil I JI::- ,--iWl III(! i UI jIt The re',,ulIt.i z,~t. Ir-~
w11 t.. o ri-. i si ctf Truon. -toni -~ai'iI n it oxyg.-i, ni trogen ,

o f n it rg n, .- rc]I ree eQt-rwik. A:.- thih. real 1 a-, nixturc-
ta':el I &.') , AJ c n 7 th fe v,;- ,i - Ie JwA y f r o th- t~iri aton

P(,i n t , it sMC~~i ,il i] - .here mayv be ;oDIn, &7efiri-l1
~COfli i.~. c Iif thi,e pressir* 1*I hj-gli efli IL. i f not, the

rwtig inal1 mL,-iii in willI be nrtr" at its ori Ij
':Ompos i tic)n. The-se nron--e-qulil Ubrlf e *rffect,'S :&U-S-- -: large
oepartui e from --onvi-ntional aerodynami a~nd heat transter
theories. Thest:- effects mus.t be#- fully und :r -Aoud and
accounted for Lyi the de-iin c-tage tot arty hypersonic
vehicle. The only way to s-tudy these effzec:s is to
duplicate the hypersonir. flow cunditionsB in the laborat-ory.

GROUND TEST FAf:ILITIE,-

The experiMenTtal fa-Alities used today tor- hypersonic
rt-si:arkch are of three ubisi.- types-:: continuous, blowdowi, r.
i mpul1se. Table 1 gives the c.tar-acteristic-:; of each type;-.
Convent jortal. f;xperi mpntal ;.Loos for getting~ aeionautical
irdfoiiaation, su--h as :upeis-)nit: wind tunnels, ate inadequate
for inveGt igaiiig the real ga-, -ffects of the flow around
vehi . les at hLypers---.onic, speeds because of the reservoir
temperature i imitation%- An, impulse facil ity (sho),-k tubes,
shook tunnels, and gun tunnelIs. is the only facility that
can exactly duplicate hyper-sonic flow conditions. For this
reason some researchers coritinu- to use sho.:k tunnels for
experimental hypersonic rese-arch. (For an .E:cellent
description an the operation ot hypersonic shock tunnels sece
Reference 30.). Figure 1 gives a good description of the test
times and maximuin stagnation temperatures attainable in the
various ground test facilitiecs. Since the flow duration in
a -,hock tunnel i-s between I and 10 milliseconds (mns), it IZE
imperative that the conditionis be optimized for each run tr.
a'htain the mlIximiium tes, time po.- sible. Note that a test
time of urie millisecond is nut as limiting aS it may sound.
The response times of presrure transducets and thin film
heat gauges aeon fhc- or 'u-vr of a microseconid. In order to'
a~id Uke er ei~ in detornring the best possible test
t i mo-'!= in .'I kiypoer :conic hock luai-i Ft :;an be used to inolde-

tue~,art.zi.~p1 oces-, ii, th- isho -k tube and the flow
Pro,:eSses- Ina flit hype?- son ic and test 'section. This
is esirand .-an yieid iuore-- j-.(urat.e resuA'ts. '.han runnin,
several sets of conditions ir: the shock tunnel to determinp-
thr- bes7,t te-,t times.
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Continuous Flow Blow [own Impulse

Mach No. 1.5 to 10 L. 4 - 14 7 - 86

Run Time continuous .-econds to I - 100 ks
mJ rut+s

Test Time long medium short

Repeatability ex,-el lent medium low

Cost very high high low

ta gnat. ion
Temps:rature T., low iow high

Set-up Time very long chor t short

Reynolds No. low medium high

Iritrumentation standard standard special

Product ivity very high medium low

TABLE 1. Comparison of test facilities (45:7,zi,40).

The test time (flow duration time) in a hypersouitc shock
tunntil is limited by the starting process in the nozzle, and
the pa-.=age of either the reflected :sho-k from the
._,ho,ik-,contact asurface intersection or the reflected head of
the expansion wave from the shock tunnel driver section
(30:--; 40:--). The aim of the experimenter is to achieve
the maximum possible flow duration time with a high enough
stagnation temperature (high incident shock Mach number) to
duplic-ate hypersonic reentry. A sample wave diagram is
shown in Figure 2 to show the significance of the test time.

The shock tunnel produces a strong shock wave by the
rupture of the diaphragm. This. shock wave travels down the
driven tube until it partially reflects off the nozzle
shoulders and travels toward the driver section. The shock
also travels into the nozzle starting the flow. In the
nozzle, this starting shock is followed by a contact surface
and a rearward facing shock that is "swallowed" by the
high velocity gas flow in the nozzle. Testing can commence
on.:-e this swal3owed shock clears the test section (40:2).

4
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High Pressure Low PressureSETO

t

ITEW RHEW Ss

-RS

.W I

Distance
S -Incident Shock Wave CS- Contact Surface
RS -Reflected Shock TEW - Tail of the Expansion Wave
TRS -Transmitted Reflected Shock HEW - Head of the Expansion Wave
RRS -Re-Reflected Shock RHEW - Reflected Head of the

Expansion Wave

Figure .2. 'rypi.a1 wave diagram for a hvpersonic shock
tutiriel



Ii, the mcjtA ommou ae t,: , ut r-ing I n A shock tunne i, the
reflected shock eventually inter-;ects the approaching
contact surface. For most cases this intersection produce .
two shocks, one that is transmitted through the contact
surface toward the driver, and a reflected shock that
travels back toward the nozzle. The reflected shock then
partially reflects off the nozzle shoulders and intersects
the contact surface again. It also continues into the
nozzle where it ends testing when it disturbs the flow
conditions in the nozzle (45:4). Two other cases may occur.
One is the unsteady expansion head may reflect off the
driver end wall, overtake the contact surface and travel
into the nozzle. This ends the test time before any shock
wave-contact surface intersection can take place. This is
more common with very short drivers, gases with high
acoustic velocity in the driver (such as helium or
hydrogen), and very low shock Mach numbers. The other case
occurs if a gas with a high acoustic speed is used in the
driver (helium, hydrogen or hydrogen/oxygen combustion
drivers). This will produce a "soft" contact surface
(4:446-447). When the reflected shock intersects this soft
contact surface It produces a transmitted shock but instead
of a reflected shock a reflected expansion is produced. The
head of this expansion travels into the nozzle at the local
fluid velocity plus the local speed of sound.

7t
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Chapter Two

NUMERICAL METHODS FOR HYPERSONIC FLOW

ASSUMPTIONS AND LIMITATIONS

Two major factors in choosing a numerical method were
the computing power available and the applicability of a
particular scheme. The computer used for this study was a
Prime 850 minicomputer--a relatively slow machine with
virtual memory architecture. The code was kept simple to
preclude excessive computing times. This was the major
reason for rejecting the CFD methods which account for fluid
viscosity and real gas effects. Computing was also limited
to one-dimensional where possible. The only place in the
shock tunnel where two-dimenz.ional computations were done
was in the nozzle section where itrong two-dimensional
effects wi.re found. A look at the literature shows some
numerical woxk centered maiuily on the nozzle starting
process but not on the entire shock tunnel operation (40:2).
An excellent text on CFD i. Reference 1. This gives several
numerical iwthods that are applicable for hypersonic flow
and this study. Reference 40 d-scribes previous work on
the nozzle starting proces:z,, while Reference 15 describes
the propagation of a shock through the nozzle. The computer
code used in Reference 40 was -A good first-order scheme but
was found unsuitable for this study due to its tendency to
smear the shoc:ks somewhat ind the contact surfaces greatly.

DESCRIPTION OF NUMFRICAL METHOD USED

One of the most 7ritical interactions affecting the tt.t
times in hyper .;unics shock tunn ls is the interaction of the
reflected sho(k and the conitact surface. If the contact
surface is not properly tr-,ited. inaccurate estimates of the
test time coulti result. Foi thi. reason a numerical method
which has good performance in Lzeating contact surfaces was
sought. Such A method was developed and refined by Harten
(10:--) and written into a ,;omputer code for this study by
Carafano (2b.--). The Harten inithod doe- not smear the
conta,t. surfacf.! like the fir!t )rdic.r methodr. such a;s
Godunov, Roe, or Lax. It Aiso does not have the instability
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problem near severe discontinuitieE. like the second-order
methods of acCormack, Lax--Weiidroff, and other-. For these
reasons the Harten method de!.,- rbe- In ReferenCes if) and 23
was chosen for this study.

The Harten method is a second-order accurate numerical
scheme which solves the unsteady compressible Euler
equations, the continuity equi, tion, and the energy equation.
Thc code as written treats the +fluids as perfect gases with
no viscosity (28:13-15). The --ode takes into account two
separate gases--one for the driver and one for the test gas.
Thus the code can handle helium driven shock tunnels as well
as combustion driven tunnels. Howi-ver, combustion driven
shock tunnels should be handled wiih caution. Since the
code only handles perfect gases, the maximum shock Mach
number must be kept below about six to preclude the
o,c.urrence of real gas effects (dissociation and Ionization)
caused by the very high stagnation temperatures:.

The code treats the shock tube portion of the
calculations as strictly one-dimensional. The hypersonic
nozzle can be treated as either one-dimensional or
two-,limensional azi-symmetric. Graphics packages were
wri tten that produoe: two-dimensional contour plots of the
flow in the nozzle, history plots cf thermodynamic
properties, and distributions ,-f pressure and Mach number in
the shock tube.

The RPI shock tunnel modeled in this study is shown in
Figure 3. An enlargement of the nozzle area is shown in
Figute 4. The transducer locations are shown. These
allow histories to be made of the state variables. Table 2
shows the exact transducer locations as measured from the
driver end wall. The Mach number shown is the Mach number
at that location with fully developed steady flow.



Figure .3. RPI shock tunnel layout.

CELL # 05 7-[170 L16  T 220
2100 2140 2183 2223 2247

Figure 4. Nozzle section layout and transducer locations.
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Cell Position X Position Radius A/A* Mach No.
(Inches) (Inches)

1900 810.3 2.0 16. 0.03
1950 820. 2.0 16. 0.03
2000 829.3 2.0 16. 0.03
2050 838.3 2.0 16. 0.03
2100 847. 2.0 16. 0.03
2110 848.5 2.0 2.6. 0.03
2140 850.9 0.5 1. 1.0
2163 852.6 0.847 2.87 2.59
2183 855.4 1.6 10.3 3.95
2203 860.7 3.0 36.6 53.5
222:3 870.7 5.7 129.4 7.4
2247 894.7 12.1 587.3 10.

Table 2. Shock tunnel transducer data.
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Chapter Three

DISCUSSION AND ANALYSIS
OF NUMERICAL DATA

MACH 2.3 INCIDENT SHOCK

Air Driver

The first -et of results are those for an air driven
shock of Mach 2.3. The stagnation temperature obtained for
this Mach niumber is 1200':F. Other Mach numbers and
t.agnation temperatures are shown in Table 3.

Incident Mach No. To(F)

2.3 1200
3.41 2700
5.4 6900

Table 3. Stagnation temperature and shock Mach number.

The static pressure history at the exit of the nozzle is
shown in Figure 5. The top trace corresponds to the Mach 10
flow conditions at the exit of the nozzle and the bottom
trace is at the Mach 7.4 position inside the nozzle. The
ordinate is the pressure and the abscissa is the time in ms
since diaphragm rupture. The three numbers in parentheses to
the left of each curve are the transducer cell x location, v
location and the full scale value of the plot. All
thermodynamic properties are nondimensionalized with respect
to the dump tank values.

At the exit of the nozzle the starting shock wave is
'.een as a rapid rise in pressure. The rearward or
"swallowed" shock is seen as the rapidly falling pressure.
The resulting steady low pressure is the test pressure at
the exit of the nozzle indicating fully developed Mach 10
fiow conditions. These conditions start at about 23.75 ms

13



and at about 31.25 ms a rise is visible in the pressure
trace. This is the shock wave that has reflected off the
nozzle shoulders, then off the contact surface, and traveled
through the nozzle disturbing the flow conditions and ending
the test conditions. The total test time for this case is
about 7.5 ms. A plot of density and probe total pressure
are shown in Figures 6 and 7 respectively. Additional flow
details can be seen in these plots as well as the very
well-defined steadly state test conditions.

The termination of the test time for this case was
,-au._ ed by the arrival of a shock wave which originated with
the incident shock from the initial diaphragm rupture. This

(e47, 1, 3.)1-

GS DEREElr N'OZZLEl - PACH- e.3• F~iIE CMID - IZR,IR

Fig ure 15. ,Static- pressure hi--tor-y Mach 10 (upper) and Mach
7.4 (lower). Mach 2.3 ircldent shock, air driver.

14

rIME



shock traveled down the tube, ruptured the nozzle diaphragm,
reflected off the nozzle shoulders, traveled back upstream
toward the driver end of the tube, reflected off the contact
surface and then traveled through the nozzle to the test
section. Each time the shock hits the shoulders of the
nozzle a transmitted wave travels down the nozzle and a
reflected wave travels toward the driver. Also, each time a
shock wave encounters the contact surface, a transmitted
wave travels toward the driver and a reflected wave travels
toward the nozzle. This complicated wave pattern is
sketched in Figure 2. The first reflected wave is the only
one of interest in this study since it is responsible for

(2223, 1,

DEnSITY TIM-E

SS DEGREE NOZZLE - PCH- 2.3 - FINE GRID -IR-mIR

Figure 6. Density history Mach 10 (upper) and Mach 7.4
(lower). Mach 2.3 incident shock, air driver.
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eningr the test conditions in the nozzle.

Another look at the shock-contact surface interactions
car, be done with a pressure and Mach number versus distance
plot as shown in Figure 8. Thici3 is a discrete plot of
static pressure and local Mach number distribution along the
tuhbe. Figure .i shows the distribution 14 ms after diaphragm
rupture. The incident shock wave can be seen at location
635. At location 494, the contarct surface is visible only
in the Mach num~ber plot, since the pressure is equal across
a contact surface. The unsteady expansion can be seen from
abo-ut location 352 to the driver end wall.

(2247, 1 , 20.

(2223, 1. __.)

PROBE TOT PRESS

TIME

6S DEGREE NOZZLE - r-VCH- 2.3 - rINE GRID - I-I

Filiure 7. Probt- total pressure history Mach l0 (upper) and
Mach 7.4 (lower). Mach P.3 incident shc:k, air driver.
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Figure r) shows the same plot at a later time, 21 m .
fhe shock has Just ruptured the nozzle diaphragm at location
847. The contact surface and expansion are evident. It is
,c:lear from the two plots that the contact surface is moving
away from the unsteady expansion which will result in the
shock reflecting off the nozzle shoulders and encountering
the contact surface and not the expansion. Figure 10 shows
this about to happen. Notice that the shock has reflected
off the nozzle shoulder and is traveling toward the contact
surface. The reflected shock is evident from the high
pressure region at the right side of the plot. In Figure
11 the shock has intersected the contact surface and
resulted in a reflected shock which traveled into the
nozzle.

In order to maximize test conditions in a fixed geometry
shock tunnel, the reflected shock from the contact surface
interaction must be eliminated. The subject of shock wave
contact surface interaction is treated very well in several
texts (5:--; 6:417-423). This can be accomplished by
matching the acoustic impedance of the gases on either side
of the contact surface. In the RPI tunnel this can be done

mI

W U

% -0.

*

D ISTANCE

T-14.3420 NUM- 70 U.ELOCITNA kCTOPS P--1. NO-2 ACM-1.00

GS DEGREE NOZZ.E - r 2= 2.3 - FINE GRID - AIRAIR 18,0-87 e81.e4

Figure 8. Mach number and pressure distribution, 14.3 me.
Mach 2.3 shock, air driver.
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by using helium as the driver gas and operating at the
required Mach number to achieve this "tailored" contact
surface. Using helium to create a tailored contact surface
calls for an inrident shock Mach number of 3.41. Before the
results of the tailored case are presented, the results of
using helium and a shock of 2.3 are presented.

Helium Driver

The pressure and Mach number versus distance plot for
the helium driven Mach 2.3 case are shown at 28.5 ms In
Figure 12. At this time the shock has already reflected off
the nozzle shoulders. Notice the sloping traces near the
right side of the plot. This indicates that the reflected
head of the expansion has passed through the contact surface
(visible at location 670) and has traveled into the nozzle.
In this case the contact surface is "soft" and an expansion
will result from the intersection of the shock and contact
surface (6:420). The test time will end when the expansion
moves into the nozzle.

W

U, 3

'-. *|

D ISTANCE

T-1.73HM 3StLCT WETR KP-.NIIAM- 9

GS DEGREE NOZZE -MACH- .. 3 - FINE GRID - AIRAIR 1816S187 6812164

Figure 9. Mach number and pressure distribution, 21.5 ms.
Mch 2.3 shock, air driver.
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The trjtd.l prt~ssur"e history tor this cace I=- shown In
Fire 13. Notice at the Pxit of the nozzle, flow conditions
la~st only about 0.5 ins. This is much shorter than the
result-s obtained with the air driver. This is due to the
acuustic velocity of the helium being about four times
faster than that of air. This causes the reflected head of
the expansion wave to close orn the shock wave, thereby
cutting test time. Also the reflected shock--contact surfa,_e
intersection yields a reflec:ted expansion whic-h movezs inito
the nozzle further reducing test time. This. type of
-hock-contact - urface interaction is shown in Figure 14(e).
Therefore, tor low Mach numbers, air is a better choice for-
a driver gas with this tube layout.

MACH 3.41 INCIDENT SHOCK

Using room temperature gases, a helium driver and air
test gas can produce a tailored contact surface if a Mach
3.-41 incident shock is used (5:353). With this setup a
reflected shock will not occur when a shock encounters the
contact surface-. These flow conditions were run and can be

V)

M 3

0. S m ~.00 lot at".", R60." SPOT." 0.ss 04'.10 9 4.U as;."5 1a.97 PY.3Y 84?I3

D ISTA~NCE
T-&GS466 HUH- 4S0fi LELOCIrh' t..CTORS EP-1. MG-e ACM-1 fig

69 DEGREE NOZZLE MAtCH.- 2.3 - FINE GRID - AIR-AIR 11-e8U 9918:64

Figure 10. Mac-h number and pressure distrilutior,, 26 ns.h. Mach 2.3 shock, air driver.



seen in the next set of figures. The distribution plot is
shown for this case in Figure 15. The shock has already
reflected off the nozzle shoulders, has passed through the
contact surface without reflecting and is traveling toward
the driver end wall. The sloping pressure curve to the
right of the shock show the expansion wave already passing
through the shock and traveling toward the nozzle. Figure
16 shows the probe total pressure at the exit of the nozzle.
Notice the arrival of the starting shock by the rapid rise
in the pressure in the test section, the "swallowed" or
rearward facing shock by the sharp drop in pressure to the
steady state test conditions. The test conditions terminate
with the arrival of the reflected expansion which is clearly
seen as the unsteady decrease in pressure. This case
resulted in 4 ms test time. This would not have been
possible with air as the driver gas.

MACH 5.4 INCIDENT SHOCK

For the last case of this study, a Mach 5.4 incident
shock corresponding to 6900'F stagnation temperature was

9' used. At these conditions, the contact surface will no

IS W|

- U

Math .:3 sockair dver

~~2O

U

0DISTAN4CE

T-eg.S37g NMt- 5000l I1LOCITY %ACCTO*S EP.-1. ma-e Pcm-l.6b

6; DEGREE NOZZLE C- 2.3 - FIHE GRID - AIR-AIR 19,09,S7 6812j64

Figure 11. Mach number and pressure distribution, 28 mns.
Mach 2.:3 shock, air driver.
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longer be tailored and a "hard" reflection will occur such
as that seen in the air driven c.ase for Mach 2.3. Figure 17
shows the pressure at the last two transducer locations. At
the exit of the nozzle, the test conditions last for about
1.5 M.S. Trhese conditions are terminated by the arrival ol
the first reflected shock from the contact surface. The
Mach 5.41 shock conditions are the closest to the Mach 10,
150,000 ft. cruise conditions of about 7000-F stagnation
temperature.

0'

(1'

DITAC

T-eRSS0 NLM- SSO -AEOCIY UETOR EP i. N-LDACH1.0
65DGE OZEMC-23-FNEGI EAR0S68 690

Figue M~ih umbr an prssue ditriutio, 2 ms
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(2223, 1 2.

PROSE TOT PRESS rri

SS DEGREE NOZZLE - tCH- e.3 - FINE GRID - HE-0IR

Figure 13. Probe total pressure history, Mach 10 (upper)I

and Mach 7.4 (lower). Mach 2.3 incident shock,

helium driver.
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PROBE TOT PRESS
TIME

GS DEGREE NOZZLE - M~CH- 3.41 - F~IE GRID - El

Figure 16. Probe total pressure history Mach 10. Mach 3.41

inkcidenkt shock.I
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PRESSURE1

TIME

6S DEGREE NOZZLE - C- 5.4 - FINE GRID -HE-,AIR

Figure 17. Static pressure history Mach 10 (upper) and Mach
7.4 (lower). Mach 5.4 incident shock.
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Chapter Four

CONC L U.3I ONS

The numerical scheme, Harten's Total Va, hational
Diminishing (TVD), adapted for this problem by Carofano
28: -- ), accurately modeled the unsteady, compressible flow

of a shock tunnel. The TVD scheme also accurately modeled
the nozzle starting process to include the transversal by
the starting shock, the formation and passage of the contact
surface aiid the rearward facing shock. The TVD scheme also
accurately moleled the shock wave/contact surface
intersection problem.

Accurate estimates of the total available test time for
the RPI hypersonic shock tunnel were obtained. The maximum
test time occurred for the Mach 2.3 incident shock with air
as the driver gas. This time was found to be 7.5 ms. For
higher stagnation temperatures, and hence higher incident
shock Mach numbers, helium is needed as the driver gas.
Under these conditions, the maximum test time was found to
occur at the tailored contact surface condition or Mach
3.41. The test time at this condition was 4 ms. The maximum
test time occurred with aii as the driver gas and low shuc.k
Mach numbers.

At the highest Mach number studied, Mach 5.4, the test
time was found to be 1.5 ms. This is certainly long enough
to obtain valuable data with the fast response time of
modern instrumentation and signal processing techniques.

Mach No. Test Time (ms) Driver Gas

2.3 7.5 Air
2.3 0.5 Helium
3.41 4.0 Helium
5.4 1.5 Helium

Table 4. Comparison of Test Times.
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RECOMMENDATIONS

Viscous effects need to be studied. The test times can
be affected by the formation of boundary layers and other
viscous effects and hence need to be modeled.

Adaptive grid techniques need to be employed to keep
computation times down and to obtain higher resolution. The
present study with a fixed grid and mostly one-dimensional
computations took an enormous amount of computer time to
solve the equations within acceptable limits. On the order
of 30-45 CPU hours were used per set of conditions.

Lastly, and mos'3t important, experiments need to be
run which duplicate the numerical simulations. This will
allow a good comparison to be made between experimental and
numerical zesults to determine the effectiveness of the
present code.
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