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1. INTRODUCTION

In 1981-1983 a computer program was developed which solves numerically
two-dimensional Euler equations using the Godonov method (Ref. 1). The
program was intended primarily for turbomachinery application, but with
modification to the boundary conditions, application to any problem which is
modeled by the Euler equations is possible.

This report covers one year of extensive testing of the code for
different flow regimes. This testing was done with three main objectives:

a) To gain experience in simulation of the various problems related to
the research activity in the Turbopropulsion Laboratory,
Naval Postgraduate School, Monterey, California.

b) To test code accuracy by comparing numerical with analytical
-* solutions.

c) To find the source of errors for various numerical simulations and the
basic Godunov method in order to reduce these errors.

Some of the results of these experiments with the code were reported in
other papers and appear as appendices to this report. Other cases were
simulated, but not published, and will be reported here. Some unsuccessful

-
" "" attempts to improve the code accuracy are also described.

" -The topics studied and the progress made are described in the following
sections.

1) The problem of the gradual opening of wave rotor passage.

2) Numerical modeling of the nonsteady thrust produced by intermittent
pressure rise in a diverging channel.

3) Numerical techniques for wave rotor cycle analysis (A. Mathur).

* - 4) Development of a grid generation program in order to generate a grid
over wedge-arc configuration.

Test case of the supersonic flow in a channel with arc, wedge,

wedge-arc, sinsoidal arc-bumps.

6) Modification of the Godunov method to include shock fitting using the
' oblique shock wave theory.

7) Development of the one-dimensional code based on Verhoff's method.

8) Modification of the program for cylindrical geometry problems, and
modeling of the flow in CDTD.

* 9) Modeling of the flow in a detonation engine. h

10) Development of the SELCO Method.

S11) Grid generation for CDTD inlet

. - ., - .- .° *. ..* * . . . .
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2. PROBLEMS CONSIDERED 4.

2.1 The Gradual Opening in Wave Rotor Passage.

Influence on the flow pattern of the gradual passage opening in the wave e%
rotor was studied on the basis of a numerical simulation. It was found that,
in most cases, a significant volume of the passage will have rotational flow,
which should lead to the mixing between the driver and driven gases. In some
cases, losses will occur as a result of the multiple reflections of the shock

and pressure waves from the passage walls. It was shown that the interface
between driven and driver gas will be oblique to the passage walls when the
passage opens gradually, and that the interface can retain its obliqueness to
the walls. The results for the rectangular and skewed passages are reported
in Appendix A.

In the case of the skewed passage, the perfect compression of the driven-P
gas with very small mixing losses could be achieved if the channel opens

" - according to a certain formula of the optimum opening velocity. It was found
that the velocity of opening could be predicted by the equation:

VVs h  " '
Vopen = s--L ()

where: Vopen = the velocity of the gradual opening
Vsh = the shock wave velocity in the driven gas

Lsk = the angle of the skewed passage

2.2 Numerical Modeling of the Nonsteady Thrust Produced by Intermittent
Pressure Rise in a Diverging Channel.

The dynamics of the expansion of detonation products in a diverging N
channel were investigated numerically. The influence of particular features
in the expansion process, such as the presence of reversed flow and
propagation of hammer shocks on the production of thrust were examined.
Sequential expansions of detonation products were also modeled and it was
concluded that in order to maintain a high frequency periodic mode of
operation for propulsion applications, the channel should be refilled with -

ambient air after each expansion. The influence of the ratio of ambient air
to detonation products volume on the dynamics of the thrust production and on
the impulse generated during the expansion are also reported. The
presentation of the results of this investigation is given in Appendix B.

2.3 Numerical Techniques for Wave Rotor Cycle Analysis.

With the author's participation, A. Mathur developed a one-dimensional
code based on Godonov's method for wave rotor cycle analysis. Because the
resolution of the code on the interfaces was poor, it was decided to develop a

one-dimensional code based on the random choice method. Non-standard boundary ". ,'

2



conditions for this problem were developed. A paper was written and accepted %

for publication in the proceedings of the ASME Symposium on Nonsteady Flows.

The paper is attached as Appendix C.

2.4 Development of the Grid Generation Program for Wedge-Arc Configurations.

The grid generation routine, which was used for the cascade and wave

rotor simulations did not allow a full control of the grid parameters. This

control was especially needed for the simulation of the test problems, since ,

we wanted to insure that the grids have the same general parameters for the

p different wedge-arc configurations considered.

A program which allows the grid generation with full control over grid

parameters was developed. The program, with an example of the grid, is given

. in Appendix D was delivered to the Naval Postgraduate School and stored in an

archive file.

2.5 Test Case of the Supersonic Flow in a Channel with Arc, Wedge, Wedge-Arc,
Sinusoidal Arc-Bumps.

Performance of the Godunov code was tested for numerous supersonic and

subsonic internal flow problems. The tasks included: *

a) An attempt to determine what causes the nonsymetrical behavior for

subsonic flow case and whether it is possible to increase the

accuracy of the basic Godunov code by changing boundary conditions.

b) A comparison of the numerical solution with analytical predictions

-I for supersonic flow.

For subsonic flows it was determined that the main source of errors was slop
. discontinuity at the corners of the "bump". When the circular arc bump was

replaced by a sinusoidal arc "bump", the symmetry of the subsonic solution
improved substantially. This resulted from the fact that in the case of the
sinusoidal arc only the second derivatives are discontinuous at the

surface. It was found that the boundary conditions at the surface, which are

used by the basic Godunov method (solution of the Riemann problem between the
physical point and it mirror image with the same pressure and density but with

- the negative velocity), produce the most consistent results for various
" problems. Results for this simulation are shown in Figure 1. The grid is

shown in Figure 2.

Efforts to improve the subsonic flow solution were discontinued when it
was realized that a more objective criteria than symmetry of solution was

. needed. For this reason, work on supersonic flows was begun, since, for these

S-conditions, some analytical solutions are available. First, the method for

supersonic flow (M - 2.2) in a channel with a 10% thick circular arc "bump was
tried. The grid for this case is shown in Figure 3. In Figure 4 we show

*' : results for this geometry when the inlet Mach number is 2.0. Results are

shown in the form of the distributions of the pressure coefficient over the
surface of the lower wall of the channel. Numerical results correspond very

well to the analytical in this case. It was found, however, that when other ..

flow parameters are compared with the analytical solution, there was
substantial disagreement between the reslts. Figure 5 shows the comparison of

the pressure coefficient, entropy, density, velocity and Mach number that were

3



calculated numerically with the analytical solution. The comparison is done
for supersonic flow with M-1.6 over 5% thick wedge-arc "bump". As shown in
Figure 5, the errors are produced mostly on the shock waves and that the
largest is the relative error in entropy. The fact that only pressure is
simulated accurately was confirmed for the numerous test cases in which the
arc thickness and the wedge angle varied in the wide range of values.

2.6 Modification of the Godunov Method based on the Shock Fitting using the . V .
Oblique Shock Wave Theory.

A shock fitting was attempted to reduce the errors on the oblique shocks.
The procedure for fitting was as follows: 2

1) Calculate the values using Godunov's method.

2) Using oblique shock wave theory, calculate the exact value of the
parameters. This calculation is based on the assumption that the 7- V
pressure is computed correctly by the Godunov method.

3) Substituting values behind the shock for the exact values. It was
found that the procedure did not work if it was applied as
described above. Many modifications of this prodedure were tried.
Some involved interpolation of the values ahead and behind the
shock. The last approach did improve the accuracy of the entropy
calculation but introduced oscillations.

2.7 Development of the One-Dimensional Code based on the Verhoff Method.

A new formulation of the Euler equations and numerical method to solve 3
them were proposed by Verhoff (Ref. 2). A basic code implementing his method
for one-dimensional flow was developed. In Figure 6, results are shown for
the case of two colliding shock waves in a tube. These results are a
reconstruction of the results presented in Ref. I in Figure 5. Comparison of
these two figures shows that our code implements the basic Verhoff method
correctly. The listing of the program is presented in Appendix E.

We were unable to implement the shock fitting in our code. Comparison
between the analytical solution and numerical was 10-15% in error for
velocity, pressure and density in the region of the shock wave, if the shock %
was not fitted.

2.8 Modification of the Program for Cylindrical Geometry Problems, and
Modeling" ot the Flows in CUM.

The Godunov code was modified for simulation of the flow with
cylindrical velocity. The modified program was used for modeling of the flow
field in CDTD device (Ref. 3). The task of the modeling was to test how the
rotational component of velocity will influence flow field.

In Figure 7, one of the geometries of the CDTD is shown with a
computational grid covering the domain of integration. In Figure 8, the
Iso-Mach lines for the geometry are shown for the inlet flow conditions "'
indicated the figure 7. U
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The conclusions of preliminary research was that the program models the
flow correctly and that, for the tested conditions,the results are close to
those given by the program developed by Hirsch as discussed in Ref. 4.

2.9 Modeling of the Flow in Detonation Engine.

The flow field in the projected combustion chamber of a detonation
" engine was simulated numerically using the Godunov code. The task of this

research was to study the dynamics of the discharge of the high pressure gas
after detonation. A number of configurations were tried. In Figure 9, an
example of this type of simulation can be seen. Pressure in the detonation
chamber drops from 15 atm to 0.55 atm in 0.00131 second. It was important to
establish that time since it is one of the limitations on the detonation

- frequency. In this example, the ability of the program to simulate large

*. gradients of pressure can be seen.

2.10 Development of the SELCO Method.

A new method for supersonic flow simulation was developed. A full

description of the method, with illustrations of its application to the

' supersonic flow over the wedge, is given in Appendix D. This method

demonstrates that inaccurate modeling of the oblique shock waves produced by
the Godunov method is the result of the obliqueness of the shock wave with

• respect to the edges of the cells of the computational grid covering domain of
integration. It was shown that only when the shock surface is parallel to the
two opposite edges of the cell that the oblique shock can be accurately

calculated.

A new method of the Local Cell Orientation, - SELCO, was proposed to
allow local reorientation of the cells in the vicinity of the shock waves.

" The efficiency of the SELCO method was demonstrated for the simulation of the

oblique shock waves in the supersonic flow over the wedge.

2.11 Grid Generation for CDTD Inlet.

For a given distribution of the pressure measurement ports on the CDTD

blade surface, a computational grid was developed. Several variants of the
CDTD geometry were implemented. However all grids which were generated proved
to lead to large computational errors. This work was not continued due to time
constraints on the project.

3. Conclusions

The principal findings of the program of code testing were as follows:

1. The code has a robust ability to analyse unsteady time dependent

flows and provide qualitative information on complex shock patterns

and pressure fields.

2. With attention to boundary conditions and particularly grid

structure it is possible to reproduce analytical flow solutions with
great accuracy.

5.°-



3. The solutions produced are sensitive to grid orientation. The grid
must be re-orientated locally along shock or discontinuity planes.

4. Care must be used in selecting the grid distribution on areas of

rapid curvature change. E4

Despite the program sensitivity under certain conditions, with skilled
use it can be most instructive in establishing wave and shock structures
in complex flow situations. A significant example is the unsteady
boundary of Section 2.1 where in it was possible to generate a minimum
loss passage angle for a wave rotor device.

1.

6
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Z The Problem of Gradual Opening in Wave Rotor Passages

S. Eidelman*
NvlPostgraduate School, MontereY, California F

r F

1 he influence on the floss pattern or the gradual passage opening in the wsave rotor is studied on the basis of
numerical simulation. It is found that, in mojst cases, significant volume of the passage wuill hate r41tat41na2 flOw,
which should lead to the mixing between (the driver and driven gases. In some cases. liosses will ioccur also as a

I resu ist fthe multiple reflection of the hvirl, and pressure waves from the passage %all%. 1t is shown that the
interface between driven and drise a will he obliqlue lo the paSsage wallswhnhepsgepn raul.

and the interface can retain its obliqueness io the %alls.

Introduction In the design of the wave rotor, it is very desirable it,

I7AVE rotors are dles ices that use wave propagation determine the optimal ratio bersseeri the width arid length cit
wV through the fluid in a rotor passage to transfer energy the single passage of the rotor. Usually only) t'so parametcrs
from one fluid to another' or to transfer energy from One are evaluated to determine this ratio: skitn friction losses and
fluid to rotor shaft anid another fluid.2 Wave rotors, wave bypass losses. The number of passages onl the rotor should be
etigines, %%ase pressure exchantgers, wave equalizers, anid mitninmal to minimize skin friction losses. Oti the other haidJ,
Comprex' are all based ott the same idea of energy exchanrge the passage should be narrow compared to the port ssidthis it)
itt the unsteady wases. anid the topic of the present study is reduce flow bypass between inlet or outlet ports. The trarisiti

s reesair t al of hes devces orprocess of the passage opening or closing (as the passage end
rotos ofer he oteitia fo sinifiantim- moses across a port or moves from a port to he closed b he lic

-. prosements in air-breathing engine propulsion cycles because en alrsetvy)ualyinocnidednthdsi.
be slf-oolng, inc boh hih-pessre gs aid old It is generally assumed that the passage opening or closuire.

low-pressure gas use the same passage for alternate periods of ocusitaanuly
tie i the cycle. Combiining a wave rotor with convenitiottal Pearson" tried to take into account the gradual opertire or -3 turbomachirrery componients shows promise of signrificanti the passage. assuming that the air iii the passage is compres Ld
reduction tii specific fecosmtowihuwigtrsze in; a series (usually three) of diceecompression %tases ss hl
penalties. cotiverge arid ultimately merge to formn a shock %sase. This

Thre principles of operatiotn of wave rotor devices atid t heir allowed him to design a complicated Asae miaciue CyClI 1,1 J
* comimerical applications cart) be found in) Refs. 1-3. For rotor using relatively short passages. Floeser. since ihe---
* completeiness. the general scheme of a wave pressure cx- technique was onre-dimnisiontal it could tr reseal the

chaiieer %kill be described, as illustrated in Fig. I. One gas peculiarities of this essentially two-dimensional how ind
( driserl at high pressure is used to compress a second gas would be valid only for very steak was es.
(driteril. 11he process is arranged to occur in itithe-like lIn the presetit study, by mecans of numerical modeling. w.e
passages Aith irapeioidal cross section located ott the per- will examinie tin real-time ho\w the gradual opening iiiluc,,L,

I phirN of a rotating drum or rotor. The compression is th aefrtini heaerorpsaesrdbo iii-f as hised sticessisely tit each rotor passage by means of should affect the rotor design.
soipresrii ass r shock waves generated by the ernterting

e driscr gas. 1 he compressed drivent gas is drawn off Ifrom the lrc
end oh the passage wthen it aligns; wsith art outlet port. Thne The assumptitorts tnvols ed int fie numerical sinmulatioils nrc
driser gas ihern undergoes a cries of expanrsionts to a low4er described as followks.

* pressure arid is scaseniged out by freshly irrducred driven gas i The flow. ti each passage of the Aase rotor is unstead\ wnd
approsinnlanely the same pressure lesel. This fresh "charge"' is periodic. At the satme tirme. the floss i brouch the prn is-
then comipressed by the high-pressure driser gas arid the cycle (rdcallyl steadN *' -,The peripheral \Odth of the port isiiii
repeaiitselfd. Steady rotation of the drum sequences thc cirds equal to seseral wAlirhr tit a sinlgle passacc arid herem ii
of the passages past statioriar ilei ports, outlet ports, anrd assuried that thle flow it Ohe ile or outlet port reit.il

etidwalls. This establishes unsteady but periodic flow pro- SI101 s h)en) thle passageC-end etuc )ONr Olte pOrt 1-0o111
cesses ss irlrii the rotatrtng passages arid essentially steady flos reason the region oht the port is niot in~cdd ill thle ,m ii

itte inlet arid outlet posrits. The passage may be oriented pittat tonal doimain show ri it I ig 2.
nxal %itl Fig. I or at a stagger angle. Itt general, w ase inc irmec-depenidenit process kor the passagceid trantsi, ow '-!

maciiiics used as pure pressure exchanrgers (e.g.. '"Coin- across the region oif the inilet or out let prtr \skill be reterreLJ.1
Pr\ ) acusuall axially orientrd passages. wihile those the "pradual openinig" (it the passiigt: Thc r-ageopli
\Ahagrdpassages may dlrive a shalt, since shift w4ork process \%ill be referred s iitiuuiss \%l 01 h5

v* rcioii so s nhh i, licoutficiranron. SUrnpiuor Is nlidC 11 thi~ile passace ~ l~t~l i0xjiaioih pr
.thne port area anid is killicci iniuitiedjtlitcl to li1c stead\ 11- A

coniditinouns at tle port.
Ii isa.ssirned Hit the floss is iris usid aind sail be modOl-t\

tijr2. 19?44. ISssoirvcensenl (ist 22. 09)4 I1 hi tJ1 he Ililer eutuatrous I he unsteads iw4o-din ional It
is deditrJ a %ork or the t; S Government and ihierctirc is in ihe cil iii ilolls arn t: Ae sr it ili n or crr ati t i lasI ton in as

\diiiim HR'cai~i lPnitcssor. lDerarnncnr of Acroiiiin, 5o. J1 + + .=0~ sss~is Srig ii t \M ( 1 ari. Virginia at a1, a).

s-.-~.. '-~tL~.~11-.V'x - -
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P f POUTLET ORT

Pit pi+RIVu'

F G

Here p is the density, u and v the velocity components in t he A'
and Y coordinate directions, p the pressure, and )~ the ratio of DIE
specific heats. I he energy per unit of volume, e, is defined by ILTPR

U +1,2 ~~~~~~Fig. %o c ' r pralonshee

where e=P1 (-y-1hp is the internal etnergy. We look for the___
solution of the system of equations represented by Eq. (I) inl
the computational domain shown in Fig. 2 in time twith the a- .-- -

following conditions at the domain boundaries: a) solid wall OMQN O
along segments 1-3 and 2-4, b) outflow along segment 3-4,patad c) inlet alonig segment 1-2.Fi.2 opainldmi.

It is assumed that initially at time i= 0, the passage of the 2(mitiuna oan
wave rotor is filled with stationary gas at ambieut cotiditioits.
Whetn instantaneous opening of the wave rotor passage was T-0.023 IMSEC I
simulated, it was assumed that at time t=0, the flow at the
itnlet 1-2 was equal to the steady flow in the port. Whenaf'
gradual opening of the assage was simulated, at time i 0,
the inlet was closed and solid wall boundary conditions were___________________________
imposed at the inlet 1-2. Then, this boadary conditiotn wasT-.3 MLI

gradually replaced by the flow conadition at the inlet port. The
length uncovered to the inlet port region, where the solid wall
boundary conditions were replaced by the inlet port cotn- 77
ditions, was determined using the elapsed time aitd the
velocity of the passage relative to the itnlet port. N 11

The Godutaov method was used to obtain a tnumerical .,T-0.22 IC
solution of Eq. (1) with the described bounudary atnd initial
conditionis. Details of the implementation of the method and "

boundary conditions are givena in Ref. 4. 8r
The flow field was modeled for the rectanigular passage with 6.________________________

a width of 0.02 mn and a length of 0. 12 m. The grid coveritig 0.0 0'1 0,01 0'C 0 08 0,10 0 J2
the computational domaitn of the passage is shownt iii Fig. 2. x Ax lb

I Fig. 3 Evolution in time or the shock *ave formed after insiantsne-
Resulis and D~iscussion ous passage opening.

The following intitial corudiioits wcre assumed for the air
itnitially iii the passage:

catncel the rarefactioni wave moving toward the itnlet at the left
*t P= I atm P0 =1.2 kg'm) U, =0 v'=0 eitd of the passage. F-or this reason the tilow inl the passage has

The ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~n drvrdadetrigthoghtepotattenetaaldet discomnntv. This situationi is typical for a 1
The rivr ga enerin thoug thepor at he eft-andend wave rotor, where flow Conditions at the ports are choseii ill

7was assumed to have the following properties: such a way that wases do not propagate from the passages
into Inlet or outlet ports. The flow inl the ports wdili eretore

P, = 1.8 atm p,,= 1.81 kg/int  Ud=150Om/s 1',, =0 remain steady. Ilt the case shownu iii Fig, 3, the shock \kase
was foutnd to propagate with a velocity. t h 446 il s. tile .. -

* These conditions correspond to a practical siiuatioii inl a wave ititerfacc with a %clocity [',,, I 50 nm /s, aind all the parailicirr
rotor when a passage filled with a quiescenit fresh charge of air esaniuted wecre coinfirmned accuratel) usinig oiie-dimiisional1U at ambient cotiditoits encounters ati inlet port supplyinig hot, gasdyitamics relatiotnships.
high-pressure driver gas. Ntost of the approaches used ill wave rotor design arc based

* If the assumption is made that the passage instantancously oil the assunmptioni that the wkaves are oiie-dilnenion'ial ini
* opetns and is subjected to the conditions of the ile t'low at the ntatutre. \klicti thle gas is compressed by a weak shock os asc,

1ft bouitdary 1-2 (see Fig. 2). theti a pcr ci ly oiic- tor listance. assimupi tis ate miade t hat, 1)I the process is
dimenisioiial flow patterni should develop ill the passage. The isoctitropic, 2) the hoi and cold gascs are strict l\ separated h%
results of the modelinig of these conditions are presented in% the a plaiiai ittertacc. anid 31 the Ito\& is cservw' ohere irrOtiltat ,l
form of pressure comtours at progressively larger time -steps ill This leaids to the %er% high eficieticies projected I or tic
Fig 3. Time t= corresponds to the momneti wheti thle coipressiot.iIf thle passage is wkide enough so tli ka itti
passage optis. ltisiaiiaiueous opettitg of the passage is -it itt efftects Lcat be itegitcied. t his model ot t lie omipresNlimi il Olie
Fig. 3 to lead to ait immediate formationt of a shock wase atid was e rotor pasagL- is i calisnic, bilt oiil tor isdltii~l

subsequet propagation in the passage from the left to the passage opetinig or for a ser\ long passave. Results l11Iresetit
right. "The flow conditions at the i111c, port are nhatched ito tile heltiw% illustrate how4 rte praduail passagec opentitig aIcc'l 01he
parameters of the rarefacitoit wise w4hich etctisels wkill comtirssioti ro0CS i

% . . .. . . . .



JAN.-FEB. 1985 WAVE ROTOR PASSAGES 25

it F-ig. 4. the pressure and Mach tiunber contours int the 7-0.01 I MSEC

passage are shownt at a sequetice of times for the case ol a1
gradual opeung to hie Inlet port %ilt a 6clocitv of 1X0 rn/s.
Parameters for the gas In the passage, before opeitig begins.
and itt the inlet port are the samte as for the case of Itt-

S statallcous openling. The dynamics ofI the flow developmntt
seln lit Iig. 4a is %cry dilferent from that showii iii Fig. .3.
First. cursed pressure wases radiate from the ititial smiall

ja openilg appearinig at the lower corner oif the ittlet ott the left

thesewases reflect from the upper wall of the passage and at

time t =0. 125 ms have formed a row of compression waves T-0.125 mSECI
whc aeapproximately straight fronts normal to the wall W-

of the passage. Initially, compression waves of this kind

occupy a small part of the region with disturbed gas. In the

propagation, compression waves are cursed and are the result
of the interaction between the waves reflecting back and forth T-0.247 rr1cC)

between the lower and upper walls of the passage and the new
waves created by the progressive opening of the port to the

passage. Since it is possible to see in Fig. 4 for the times 06 00 .4 00 .6 01

quasi-one-dimensional region is highly rotational and is X Axis
relattselv constant pressure in the A' direction. The passage at rcsoreconu'nmrs.

became fully opened only at t=0.2 ins. At this time coin- 1004M
pression waves are propagating along the length of the

Gi passage and the pressure rises graduallh from I atm at the
right end to 1.8 atm at the left end. The front ofl convergingI
compression waves will eventually become a shock wave, but
this will occur at some later time and outside the com-
putational domain. 7-0.084 (MSEC(

it was cotncluded from the case preseitted in Fig. 4 that a
passage letigth-to-width ratio of 6 will lead to very hig
mixitig losses atd titiuform attd inecfficienit cotnprestot. I

siuce Ini this case filie region of rotationtal flow occupies half (1_ __ _

the passage volume. Additiottal losses will be produced 10.(25 InSECt

* because of the highly rotatiotal flow withini each of the two lk
gses
itt Figt. 5. pressure antd velocity cotitours are shownt for (he ~ ~ ~

case of gradual openting of the passage with a %elocitN of 200
rr/s. Iltll openintg of the passage ill this case occurred at 21027IS~5 1=0.1 Itls. A cursed shock wase is. formed at i0.1)44 ills. ~ ~ I

k This shotit wase (Sec Fig. Sa) partiallk reflects from the upper -

wall of tilie passage atid ifhit. gr. dnall% cotiergilig with its
mai.i25o2tt fom,,r even alhost plnah owk ifrtomi at the titme IN~

hg l roain l0. Co 0.02 0.04 0.06 0.06 0.10 0.12

behind flie shock frotit . aid thie region of rotational flow fit Macth nuirrer eqontumirs.
occupies otie-third o1 the passage s olume. lit this regiont the

gas clokilNt i nicrease s from A l t.3 at the upper w all to t 1.4 tlou i~i ern cto tituon fir ttac p -a jt Mr adiiwt opicninZ iitt a

he lie % heslocit If % d ie passage opeing is Increased to 5MX

in ('ccl w . 61 ( lie pas sage beconmes fllk opetiai t=0(.04mno. arc %hossii III (Fig. 7. The selocity of die passage opeiig %% as
Be aloic 1 ile last opeing (it (he passage. the shock wase at I =250 too s. it Nvas concluded from the results preseiocd inI
tile time =0.04 tils is less cursed atid onily a small fractiot of Fig. 7 that ati Intcrease III flie inal shock streiigi leads (o

(he sfoii', frotit retlctis fromiti (h tipper wall. Ilis reflected stritiger reflect ionis aitd subsiatiial iucreases III the tloss
part i(1 thec shock I rot cotisrges with the maui frotit at rotaitiin. T his. III iurii. wkill lead (o increased losses because of

10.- m is. From that time oii, the tlow pattern III the iinig of (lie driser atnd driseti gases. The patterii of itulliple
passag is itiistl oiie-diiieisiotial % ifh a small aid retfleciioiis o( (lie shock wase from (lie tippet atid lower walls

itkeiili regioii(of rotaiioiial flow behiind thle itaiit froti. ot (lie passapt ~aii be secti III I ie. 7a. At time t 0.0"3 in,. thle
Net en fieks. eveiit ti' his case. is il passage letigrhI pzssac shtiock Adi C ref lected tru roti le tipper istall is propacat into
w idi li 3. there is ill he %cr% high miiig lss.wifih a far.c towiaid ftic lowecr wall. P'art(i ofile retlected shock Aase Howi~
part Wi t1h: passage solititic subjected iii rotanotiaf flow. cotiserpes wiili lie maini shiock wase. aiid part begiis to

II ii ~r to SIMI, h(thde stretigih (it(lie shock Aasc III- refleci fromn the lower wall f(tz.109 inst. I lie itiultiple
(luerke', -lie fitlo paiern des elopiiig inI (he passage. ati ad. reflectomt Ac akenis file ref lc:cd shock, but the ref Icet on

dit11111.11 ,c wl s sinll itlld %%berthejj pairanieers of iliediser be ]et le wAlls of lie paSSatoC 1cot)iIC% aiid Laii be
gas at tih mici pilt area \iere iiicrcaxef; tiaiil%. to lollowed for i-10.21 1 and 0.245 ius. It is clear (fiat lit fiexe

ciiiidiiui cieti passige 'softrC a%~ .i ii-wuf ratio of 6s will
P,2.85 atiti C 2X1 III s ,4 kg Ill' fiate siibstaiial it11tsiii: losses because of tic rota1IIoujl Ilw

.\ dit letetit siiianioii ix otiiid (o thle paissoc iopetiitig ito the
A% it ies otis sise. the parattieti iof th diser g as were ilerC port of lie diiseii V.is \1 this, pi.li[, re Csure aiid

12 Jiosen in sti:h a was thati wases do iiot propagaic bakk Ino seloci(\ of foe Iduise) u as III (lie passage should be tiailhied
lie polt Oit lielte ralax.ge opctis. Rc'iiltx o ti his liulaItiii wili (foe pteslite aiid si-loltus of (foie (diseiif gas ail Olie inletl

P......... .....................................................
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walls. Therefore. the interface %ill "remeniber" the ds tains lIn all, it cani be con1cluded that taking into a-:outt the
of the gradual passage opening in passiges oh lart: lciiith- gradual passage opening is eswetial for the was inachiii
to-width ratio, desigti not onily for proper timing and was e arranigemntt but

also because of the losses w htch %will occur due to tn imng anld
Conclu%ions wave retlectionb. The gap between projected aiid .,hteed ..

It is shownt itt the prescti mt~d ii t he ba~ir ot iumeri-il etfficiencies of wase machittes) could be partjall dlue to I
modeling, that the dNyJT), 0m1~ Jt C 'a.,JeC jpC1eig Sig- fieglect ottheeffecis of the gradual passage operin rg "hich are

itftattl afetsthe no, pat; e' pas sage, ot wae studied lieremt.
rotor dlesices. F-or rectarigula, asaj c etr wheit (he
velocity of the passage opc g-t a oie Jiinciisional
flow patterni forms onily in pai,,c -ith J CIg'h ;o-wrtih References
ratio larger than 3 lit the reg; i - eJ, h, 'I tmi-. ofi 'Croes. N. "The Principle of the Pressure-5% ase Machie as Used
the oine-dimeinsioinal flow pa; ret., !,,c tk Si total,1J orl id. (or ( hargiitg Diesel Enigines," Departm-ent o1 Comprex kc'carch. A. F
in Some itistatiCes. CoittattiS StiOl Jl~ arid pesoi ewAs es whi~h Gi Browii Bsert anid Cie. Badent. Saittzerlaitd
repctitisely reflect from the uppet aiid lower wall, ofth e Pearsoii. R D Pressure ischaiigers atnd Pressut e F xchitle

passage, it practice this would teai it) t i it iait mixing Ein ~es. Theropoedinamiii and Gas Pv4nuiiuns of Iltier~iat (0,0

betwet the driver gas (ir g_ exhaust gas) atid driseti gas (C g buitii Engines, compiled by D. E. V% itierbotie atnd S. C. Low,
fresai~nd edue fheffciec5 it heetpti, ce 'it ( hip t6.
freh ar) ti reucetheettcitic ofth eigiie ~cl '~itl aThayer 111, W. I., Taussitig, R. T., Zuindiek. .

reductiont it the velocity of the passage opetiti1g, the solUMe \,adyaiattsaii. T. S., and Chiristiainseni, Vv. H.. "Etterg, 1-schatteer
of the mixinig regiotn inicreases as a result of the rotatiottal Performatice and Power Cycle Esaluatioii-Experinttcnt aindb
flow which develops from the slow opetninig of the passage. Atialssis.' DOE AC06 'SUR0tOX4, April 1991.
With ant iincrease in shock wave strenigth, the solume of the "Eidelmni S., Colella. P . atnd Shrecee R. P., *Applicaiioi of the
mixing regioti itcreases as a result of the roiaiiontal flow Gcdutiov Method anid Its Second-Order Fsieitsioii to ( ascade Flow
which develops form multiple reflectionts of the shock atid Modelitig,- AIAA Jourial, Vol. 22, 11, P tINN, 19N4
pressure waves from the passage walls. 'Shreese, R. P , Mathur. A., Eidelmat, S., anid Erwin,. '

Numerical modeling of the process of gradual passage Rotor Techntology Status aitd Research Progress Report.- Nasal
Postgraduate School. Moiterey, Call NPS67.82-1i141'R, No% _openting at the intlet port of the driveti gas revealed that the 1982..

interface between the gases will move all the way through the 'Coleman. R. C. and Weber, H. E., "lIntegral Turbo-Com pressor
passage with a frozeit pattern of distortiotn or obiq.ueniess to Wave Etigitie." U. S. Patenit 3,811,796, 1976
the passage walls. The interface obliquettess iticreases whetn "'Exploratory aind Advaniced Des elopineit Programts,' Nsasal Air
the velocity of the passage openitig decreases. PropulsinCeniter, Trenioti, N. I.. NA[X- 1-83, April t9h3



Th rblem f ardua b oni n in of' rI~ec anes'a xi~'al pbsainwv
,, .,-

,.. ,,.- *.-. .

The problem of qradual openine of rectanq'ular axial passage in wave"--"--/

rotors was studied in our article published in the January issue of Journal

of Propulsion and Power. 7here we have defined the problem of qrae, ,al

openinq in the wave rotor passace and the mathematical model which was used

to simulate the openina process. In this article we will assume that the

reader is familiar with the reference1 , and it could he recarded as an

extension to the that reference.

If the wave rotor is used to produce shaft power, it's passaces should

be skewed in one form or another. In this paper we will analyze the aradual

openinc of a skewed passaae and will examine the conclusion drawn for the

*,' rectanqular axial passace for this more aeneral aeometrv of the passacre.

k t" d'b

The main conclusion of the study on aradual openinq of rectanaular

passaqe is that in order to minimize the mixing losses caused by rotational

flow in the passae, the openina velocity should be very hich. In the -..- ,

limit, instantaneous openino of the wave rotor passaae will lead to one

'" ' "''" ""'" ", ::; _. ::: : ..-.-w
* . . ' .... ''
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dimentional flow pattern in the passage will have minimal mixing 
losses. -U

When the passaqe of the wave rotor is skewed, even instantaneous openina of
uL

the passage w iiIbhb lead to development of the one dimensional flow pattern "

with small mixing losses. That statement will be demonstrated in the

"* followinq example. 
'. .

Let's model the openina process for the passage 0.02 m wide and 0.24 m

long. It has left and right hand inlets parallel to the v-axis and upper ._-

and lower walls of the passage form 600 angle with positive direction of the

x-axis. It is assumed that initially air in the passage is at the following

conditions. 
i

12kq/M 3?,-.

0 arm; o 1.2 U0 - O; V = 0 -,

The driver gas entering through the port at the left hand end was assumed to

have the following properties:

P I.P atm; P = I.S1 ka/M3 ; Ud w 75 M/sec; Vd = 129.9 M/sec
-d d d

The conditions for the driver and driven gas are the same as in case of the

rectangular passage which we reported in the previous paracraph.

In Figures la and lb results for simulation of the instantaneous

opening of the skewed passage are shown in form of pressure and velocity

contours at the secuences of times. The flow pattern near the inlet in

Figure I is hiahly rotational which suggests very high mixina losses. That

is caused partially by reorientation of the shock wave. At the first

........... 
N. .



moments of time after the opening of the passage the shock wave between the C,
driven and driver cases is oblique to the lower and upper walls of the

passage. At later times this shock wave turns and becomes normal to the

upper and lower walls. Thus, incontrast with rectangular for skewed

geometry passages there is no obvious condition for minimizing the mixing

-" losses caused by the inlet opening.

Let's find the conditions for opening of the skewed passage which will

lead to minimal mixing between driver and driven cases. As we have stated

before, rotational flow in the instantaneously opened skewed passage, will

develop because of the rotation of the shock wave from the parallel position
;• .°.

to the inlet (initially) to the position where it is normal to the upper and -__

°. lower walls of the passage (when the flow is developed). If we could form a

shock wave which will be all the time normal to the lower and upper passaae

- b walls then the rotational flow and mixing will be minimal.

Analysing the formation of the shock wave front at the inlet we

-- concluded that for the shock wave forming at the inlet to remain normal to

U the lower wall, inlet should be opening at the rate:

V O Vsh /sin ask )

where V op- velocity of the inlet opening.

Vsh - shock wave velocitv in the media.

a sk - angle of the skewed passage.

The velocity is ecual to the velocity with which the shock wave surface will

slide along the inlets wall.

In Figs. 2a and 2b results for the modeling of the aradual opening of

*. the skewed passace inlet with the opening velocity in accordance to eauation

-- - - - - ----- .. .. ........

. ..-..::. _. .S C . . .- .-.-. . .... . .: :::.. :... ... . .. . .. ... .:. . .:..- ..-.
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(2) are shown. As it is obvious from coutour plots of pressure and velocity

in Figs. 2a and 2b, openinq the passage with velocity V calculated from
us 97r

equation (1) assures development of the flow pattern with minimal mixing. -

The shock wave surface in that case remains at all times normal to the walls

of the passage.

Modeling of the gradual openingi of the skewed passagie revealed the way

to minimize mixingi losses at the passagie inlet. The mixingi will be minimal

when the velocity of the opening is matched with shock wave velocity in the

passage divided by the angile of skewed passagie. Our simulations shows that

even when conditions for the optimal opening are not satisfied exactly,

reduction of the rotational mixingi could he siginificant if the openingi

velocity is _ 15% of the optimal value.

'We can also conclude that a very hi-h opening velocity is required in

order to obtain low mixingi loss. The openingi velocity of the passage should

be always higiher than the velocity of the shock wave generated in the wave

* rotor passage at the high pressure inlet. Fven suhstantially skewed passage

will reuire the opening speed 610% hi her than the shock wave velocity in

the passagie which is not easy to achieve for the typical flow conditions in

the wave rotor.

Another limitation is that even when this optimal speed of opening is

machieved at one port, it will not be optimal at other ports; so,

. eoptimization will not he full. However, mixini losses in the skewed

passages will be smaller than in rectangiular one, if the gradual opening of r
the skewed passagi e begins from its acute anle.

even~ ~ ~ ~ ~~~~~~~~~~~~~~1 whncniinto h pia pnn aentstsideaty """-r /
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%iu~~ The flow pattern evolution after instantaneous
opening of the 60' skewed passage.
Time is along the Y -axis (no to scale).
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' .~,APPENDIX B

Numerical Modeling of the Non-Steady Thrust Produced by Intermittent Pressure
Rise in a Diverging Channel.
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ABSTRACT

The dynamics of the expansion of detonation

products in a diverging channel were investigated
numerically. A two-dimensional unsteady Euler code
based on the Godunov method was employed. The
influences of particular features in the expansion
process, such as the presence of reversed flow and .,
propagation of hammer shocks, on the production of
thrust were examined. Sequentially expansions of
detonation products were also modeled and it was
concluded that in order to maintain a high frequency
periodic mode of operation for propulsion applications
the channel should be refilled with ambient air after
each expansion. The influence of the ratio of ambient
air to detonation product volume on the dynamics of the
thrust production, and on the impulse generated during
the expansion, are also reported.

NOMENCLATURE

dAx - element of channel internal surface area normal

to the x-axis
e - energy per unit volume
p - pressure
t - time
u - component of velocity in x direction

I v - component of velocity in y direction
x - cartesian coordinate

y - cartesian coordinate
.- - internal energy per unit mass
y - ratio of specific heats
p -.density
subscripts
0 - conditions at t-0 in combustion products
ex - external

* L - along inner wall of the channel

INTRODUCTION

Early in the development of propulsion engines for
aircraft, a choice had to be made between engine
concepts based on nonsteady or on steady gasdynamic
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processes. Concepts based on steady gasdynamic
processes were pursued largely because they were
simpler to analyze and to appreciate conceptually, On
the basis of the chosen steady concepts, engines were
built, developed and perfected with time. The
nonsteady concepts, which looked as promising '

m initially, were not developed and remain today in the
conceptual stage.

The need for a more thermally efficient small
engines for various military and civilian
applications, has led, at intervals, to a
reexamination of nonsteady concepts (1,2,3). Today,
such an examination can be made more thoroughly. For,
while nonsteady engine concepts were at one time
extremely difficult to analyze, numerical modeling on
computers can now provide time-dependent pictures of
internal flow processes. This can provide efficient
tools for preliminary design calculations and
eventually analysis tools for design optimization.

From the late 50's until the early 70's, the

feasibility of an engine operating with intermittent
detonative combustion was studied at the University of
!Michigan (4,5,6). Specific impulses over 2100 sec.
were realized for a single linear shock tube operating
intermittently with frequencies up to 35 detonations
per second. Nicholls et al. showed that an engine
operating intermittently on detonation waves will have
some advantages over an engine operating on '-.'
deflagration. In general, it will have very high
specific thrust. The engine will be very simple
mechanically, and not require precompression of the
mixture for efficient combustion.

One of the disadvantages of the engine is that jet
velocities developed after detonative combustion are
very high. Efficient operation of the engine for
propulsion could be realized only at high supersonic
vehicle velocities (Mach number of about 4). In order
to reduce the velocity of the out-coming jet, it was
proposed to use spinning detonation (6). But the
spinning detonation process proved to be unsuitable
for use in an engine because it was unstable. Back et
al. (8) studied the feasibility of using detonative
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propulsion in Jupiter's atmosphere, and obtained a
number of results for various types of nozzles.

Motivated by the potential applications, of
detonative propulsion, in the present study the
process of the expansion of detonation products in a
diverging channel or diffuser of a detonation engine
were modeled numerically. The model and computer
program were then applied to calculate repetitive
firing, and the effect of changing the diffuser
length.

THE MATHEMATICAL MODEL AND NUMERICAL SOLUTION

It is assumed that the jet-propulsion nozzles of
an engine using detonative combustion can he
constructed from a number of straight diverging
channels which are grouped, or clustered together. In
one cycle of the engine, a small volume of each tube
is filled with the combustible mixture and undergoes
detonation. Then the detonation products expand into
the stationary gas which fills the rest of the tube at
ambient pressure and temperature. The tube is
diverging and so the shock wave decays in strength.
Finally, a weak shock wave leaves the tube, and a
subsonic flow of gas discharges from the exit of the
channel.

It is assumed that the flow is periodic along the
lines which are a continuation of the walls of the
channel. This implies that we are modeling the flow

in a centrally located channel of the cluster.
It is further assumed that the flow is inviscid.
The unsteady two-dimensional Euler equations can

be written in conservation law form as:
U + F + G

at x ay
where

P Pu pv
Pu p + pu 2  Puv (1.
Pv puv p + Pv 2

e(e + p)u (e + P)v

Here p is the density, u and v are the velocity
components in the X and Y coordinate directions, p is
the pressure and y is the ratio of specific heats.
The energy per unit of volume, e, is defined as

-P(c + u + v2 2

P .2

where c is the inte..nal energy per unit mass.
'wY- I) P

We look for the solution of the system of equations
represented by Eq (1) in the computational domain as" shown in Fig I in time t, with the following

conditions at the domain boundaries:
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a) Solid wall along segment 1-2, 1-3 and 2-4
The condition on the surface is defined by solving
the Rlemann problem between the point nearest to
the wall in the domain of integration and its
mirror image in the direction normal to the wall. h

1

b) Periodicity between segments 3-5 and 4-6
By virtue of the central location of the channel
flow at each grid point along 3-5 is the same as
at corresponding grid points along 4-6 in Fig 1.

c) Outflow along segment 5-6
If the outflow is subsonic at the downstream
boundary we define only the pressure pout, andfor all other flow parameters apply the "

continuation condition. That means that uout'
Vout and pout are set equal to the values of u, v
and p one point ahead of the downstream
boundary.
If the outflow is supersonic the continuation .
condition is applied to all parameters at the
downstream boundary.
It is assumed that initially at the time t-0, the

channel is filled with detonation products from
segment 1-2 to '-2'. Outside this region of the
computational domain, the gas is assumed to be at I,
ambient conditions.

The Godunov method has been used to obtain a
numerical solution of the Eq (1) with thedescribed he boundary and initial conditions, Details of

the implementation of the method and boundary
conditions are given in (7).

An orthogonal grid is constructed which covers
the computational domain as shown on Fig 1. It should
be noted that although the formulation of the problem
and its solution is two-dimensional, with the boundary
conditions described above the flow will be
essentially one dimensional.

It is assumed that at t-O, the detonation wave
has passed through the combustible mixture and the
products of combustion have uniform properties. Thus
the time of initiation and propagation of the
detonation wave through the combustible mixture is F.
neglected in comparison with the time for propagation
through the channel and subsequent expansion of the
gases.

%. ..
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RESULTS AND DISCUSSION

The history of the flow development in the

diverging channel is shown in Fig 2. Here the
velocity and pressure distributions at the center-line
of the channel are shown at specific moments of time,
where time t-0 is when the expansion begins. At time
t-O, approximately 8.5% of the channel volume from the
left-hand side, is filled with detonation products
with initial pressure density and velocity having
values of

- - Po - 40 atm, p0 - 5.2kg/m3, vo - 0 and uo M 0
respectively. At t-0, the rest of the channel is
filled with ambient air with

p - I atm, p - 1.3 kg/m3 , v - 0 and u - 0
The length of the channel is I meter. These

conditions will be referred to as Case 1.
Initially, a shock wave going from left to right

*- and a rarefraction wave going from right to left can
be seen in Fig 2. The shock wave progressively decays
because the channel is diverging. The rarefraction
wave propagates rapidly towards the wall at the left """'"
end of the channel, because the temperatures in this
region are very high (approximately 2800 K) and the
channel is converging towards the left end. At a time "2
of about 0.15 nisec the rarefraction reaches the wall
at the left end of the channel. From this moment,
pressure at the left end of the channel rapidly
decreases from about 40 atm at t - 0.15 msec to about
0.3 atm at t - 0.82 msec. Because of this rapid
depressurization of the region adjacent to the left
end wall, the pressure on the right hand end of the
channel becomes higher than that at the left, which

p generates a shock wave going from right to left at

time t-0.6 msec. This back-going shock wave rapidly

slows down and then reverses the direction of the flow
• because the channel is converging towards its left end

wall.
The negative flow reflects from the left end wall

at time t-l.4 msec, forming a hammer shock wave which
moves from left to right and again reverses the flow
direction. The formation of the hammer shock wave can
be seen clearly on the velocity and pressure graphs
for time t - 1.6 msec. Because the shock travels in a
diverging channel, it weakens rapidly.

The main shock wave produced by the detonation
N, -products leaves the channel at the time m0.94 msec,

and because the channel is diverging in the direction
of propagation the pressure behind the shock wave
drops from about 10 atm at time t-O.1 msec to about 5h ~' atm, at t -0.94 msec when it leaves the channel.
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The mass velocity of the gas drops from about
1100 m/sec at the beginning of the expansion to about V.,.

500 m/sec when the gas begins to leave the detonation 2 .,
tube. The velocity of the gas leaving the tube then
decreases to -20 m/sec and increases again to about
50 m/sec when the shock wave reflected from the left iqr
end wall reaches the exit of the channel. This
concludes the significant events which occur in the
diverging channel as a result of the expansion of the
detonation products. At later times, rarefraction and
pressure waves continue to form and travel in the
channel, but they are much weaker and their influence It'
on the thrust produced is very small.

In Fig 3 thrust as function of time is plotted
for the case described in the graphs given in Fig 2.
Thrust was calculated for the case of a stationary
tube with external pressure equal to the ambient
pressure using

F fL(pL - p)dA (2)

It can be seen in Fig 3 that most of the thrust
is produced in the 2 msec following the beginning of
the expansion of the detonation products. Integration
of thrust in time shows that 90% of the impulse is
produced in the first 2 msec and 10% in the following
7 msec.

The peculiarities of the thrust curve can be
understood in relation to the wave pattern in the
tube. The first change in slope at time t-0.8 msec
corresponds to the time when the front of the main
shock wave reaches the end of the tube. Because the
pressure behind the shock front drops rapidly, the
thrust decay increases when the main shock front
leaves the channel. At time t-1.5 msec the thrust
increases as a result of the hammer shock wave
reflecting from the left wall.

When the main process of expansion ends, at
time t-6 msec, the pressure in the tube is about 1.1
atm and the average density is about 0.43 kg/m 3. This
corresponds to an average temperature in the channel
of about 935 K. Since the pressure in the tube is
close to ambient, the heat exchange will be by natural
convection, and it will take a relatively long time
for the gas remaining in the tube after the expansion
to cool.

In order to examine what will be the wave pattern
and thrust when a second detonation wave expands in
the channel immediately following the expansion of the
first detonation wave (6 msec after the beginning of
the process of expansion of the first detonation
wave), conditions were simulated numerically in the
following way. Results of the calculation for the
first detonation wave expansion were used as the
initial distributions of flow parameters. Then, in
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the 8.5% of the channel volume adjacent the left end .
wall the pressure, density and velocity were given the
values 6• "

Po - 40 atm, Po -5.2 kg/m3 and vo -
u o -0

respectively at time t-0. These conditions will be
referred to as Case 2.

In Fig 4, the thrust vs time is shown for the T. .
second detonation wave expansion. Since the V
detonation products expand in a low density hot gas,
the expansion goes much faster than in the previous a
case. At time t-0.8 msec from the beginning of the
second detonation wave expansion, the thrust drops to
zero. This can be compared with a thrust of
approximately 6.10 4N/m at the corresponding time shown
in Fig 3, for expansion into ambient air. Then,
because the large volume of the channel has static
pressure lower than ambient, thrust becomes negative
and, as in the previous case, a back-going shock wave
develops. In Fig 5, the development in time of this
recursive shock can be followed. It is observed that
the negative flow velocities which develop are twice
as large as those for the preceding expansion into
ambient air. And at time t-2 msec the flow throughout
the tube is reversed. Reflection of the
left-traveling shock wave from the left end wall at
time t-2 msec the flow throughout the tube is
reversed. Reflection of the left-traveling shock
wave from the left end wall at time t-2 msec produces
a very strong hammer shock which reverses the thrust -
and the flow direction at time t-2.1 msec. Because of

the large negative thrust, the total impulse which is
produced in Case 2 is about 15% smaller than the
impulse of the detonation products expanding in
ambient air.

Another notable effect of expansion into the
products of the previous cycle, is the substantial
rise of temperature which occurs in the channel after '55.

the second expansion. When the process of the second
expansion ends the average temperature in the channel
is approximately 1550 K. This is 615 K higher than
the final temperature after expansion into ambient"- air.

In order to examine how thrust and total impulse

are influenced by the volume of air contained at
ambient conditions in the channel before the

" _ expansion, two additional test cases were modeled. In
Case 3, the volume of ambient air in the channel to
the right side of the interface with the detonation

, products is taken to be approximately 2.5 times larger
than the volume of the detonation products. This
requires a channel about 50% shorter than the original
channel, for which the ratio of the volumes of ambient
air to detonation products was about 11. In Case 4,
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there was no air in the channel when expansion began,
which implies that the channel in this case has
only about 25% of the original length. Therefore,
between Cases 3 and 4 and Case I only the length of

the channel was changed. The geometry of the channel, u . '

initial parameters of the detonation products were the

same in Cases 1, 3 and 4.
In Fig 6 the thrust is shown as a function of '

time for Cases 1, 3 and 4. It can be seen that Case 1
(solid line) where the channel is fully extended,
gives consistently higher thrust and that the thrust

decreases when the volume of ambient air in the

channel (or channel length) decreases. Case 3 (chain-
dotted line) and Case 4 (dashed line) have regions

where thrust is negative. Comparison of the total
impulse generated shows that the extension of the
channel is very beneficial for producing impulse. The II

impulse produced in Case 4, where the tube is filled
with detonation products is 0.162,103 N/M'sec. When

the channel is extended so that only 28.6% of the
channel volume is initially filled with detonation
products (Case 3), the impulse increases 28%. An
additional extension of the channel so that only about
8.5% of the tube volume is initially filled with
detonation products (Case 1), leads to total impulse
of 0.2784.103 N/M.sec, which is a 72% increase
over Case 4. fl
CONCLUSIONS

Numerical modeling of the process of expansion of

detonation products in a diverging channel revealed a
flow pattern rapidly changing in time with multiple q
shock and rarefraction waves. One of the most
interesting features was the occurrence of a
backwards-traveling shock wave, which developed as a
result of over-expansion in the channel. The shock
wave first reversed the flow direction (and in some

cases developed a negative thrust) and then,
reflecting from the left end wall as a hammer shock,
reversed the flow direction again, increasing the
thrust.

Modeling of the second detonation wave expanding
into the products of the previous expansion, showed
that this arrangement leads to: a) significant
negative thrust; b) increases of the gas temperature
after expansion; c) losses of 15% of the total
impulse. This leads to the conclusion that the
channel should be filled with ambient air after each
detonation and expansion. Since the process of
expansion takes only about 0.006 sec, theU
time-averaged thrust which can be generated by a



* single channel will be limited by the rate at which
• "the channel can be re-charged with air and mixture,

and refired. For very low initial velocities in the
channel (consistent with the initial conditions

1specified in the modelling), the frequency of firing
is limited to about 20 detonations per second. This
-corresponds to 0.044 sec for recharging at gas
velocities of about 23 m/sec. Investigation of the
influence of the channel length on the impulse and
thrust production showed that increases in the volume

P of ambient air in the channel ahead of the detonation
* -~products, which was obtained with an increase in

channel length, led to significant increases in the
thrust and impulse generated during the expansion.
The total impulse generated by an expansion in the
channel in which 8.5% of the total volume was filled
initially by the detonation products, was found to be
72% greater than in the case of a short channel filled

only with the same volume of detonation products at
the same initial conditions.

The diverging channel geometry provided the
simplest geometry with area change to model using the
unsteady 2D Godunov-Euler code. Variations in the
geometry can now be made in order to examine the

-unsteady thrust performance.
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INTRODUCTION NUMERICAL FORMULATION

Wave Rotors are devices which use unsteady An essential component of both the Random Choice
pressure waves to effect direct energy exchange between method and the Godunov method is the solution of a
two gases. They offer the potential for significant sequence of lacal Riemann problems. A Riemann problem
improvements In air-breathing engine propulsion cycles Is defined by setting up an Initial value problem for
through their capability of withstanding higher the equations of notion in Eulerian form. The
temperatures and pressures than present-day turbines, unsteady, two-dimensional Euler equations can be
Other diverse applications are recounted in Ref (1). written in vectorized, conservation law form as:

In its mst basic form, a wave rotor is a drum
wlth axial or helical (staggered) passages arranged Ut + !F(U)Jjr + !G(U)Jy a 0, where U - [p p pv eI T,
around the periphery. This single drum-like rotor
replaces separate compressor and turbine components for F(U) - (pu (p + pu2) puv (e + p)u]T, and -
gas turbine applications. The compression and
expansion of the two fluids occurs In the passages as a G(U) -. [v 2v (p + ) (e + p)vIT
result of shock tube like processes. In a typical
configuration, combustion products at high temperature Here, p is the density, u and v are the velocity com-
and pressure give up energy to the 'driven' fluid ponents in the x and y coordinate directions, and p is
(usually air) through the action of time-unsteady the pressure. Subscripts indicate partial differentl-
compression/shock waves. The combustion products, (hot ation with respect to that independent variable. The'driver' gases), are In turn expanded and exhausted energy per unit volume. t, is defined by:rbe T

from the rotor, the available work of expansion being ef
utilized to induce a fresh charge of air onto the e - p(E + (u2 + v2)/2), where E - p/( -1) P
rotor. Careful sequencing of the passage ends past
stationary inlet and outlet ports In valve plates an is the internal energy per unit wass.
either side of the rotor creates a cyclic internal wave The Riemann problem is intrinsically
pattern In the wave rotor component. The high one-dimensional in nature and is defined accordingly.
temperature capability of the device is a direct For the one space variable case, thus, U - U(X,t), and
consequence of the repetitive processing of both cold the initial value problem is set up by specifying
and hot fluid alternately in the same rotor, initial conditions which consist of intervals over

Estimetion of the aero-thermodynamic performance of which data are constant, separated by jump
these devices hinges on calculations of the unsteady discontinuities. If the time step ia chosen to be .-

energy exchange in the wave rotor component. Numerical sufficiently smell. the waves propagating with finite
simulation of the unsteady wave processes can generally speeds from adjacent discontinuities remain within
be carried out on a one-dimensional basis. However, their respective spatial cells and do not intersect.
the complex pattern of flow discontinuities and wave This sequence of solutions from adjacent Riemann

ieatoskont xs nwv ooscl o problems Is then pieced together to obtain the whole
numerical methods which solve the nonlinear, hyperbolic solution at each succeeding time step.
system of governing equations without relying on either The Random Choice method (RC) for gasdynamics is
artificial viscosity or special treatment of the outcome of a constructive existence proof of
discontinuities. Described in this paper are two such solutions to systems of nonlinear hyperbolic
techniques, the Godunov method and a Random Choice conservation laws presented by Glimm Ref (2), and its .
method (Glime's method or Piecewise Sampling method), development Into an effective nmerical tool by Chorin i

Refs (3,4). The solution is advanced In time by a
method that includes a solution of R.lemann problems as
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im
described above and a sampling procedure, which The entire wave diagram was generated by the
chooses values from a representative point of the one-dimensional sampling method with properly
exact solution to the local Rlemann problem. The
sampling procedure is due to van der Corput Rf (5) ieuene oundar oniton fig shows asequence of the propagation of the shock wave and
and generates equldlstrlbuted sequences Ref (6). The contact discontinuity in time. The perfect resolution
technique eliminates numerical diffusion end flow of the discontinuities is noteworthy, even when a very
discontinuities are computed with infinite resolution, small density change occurs across the Interface, as
i.e., there is no smearing. In this case.

The Godunov method Is a finite difference method
which computes the R.iemann problem solutions as a
first step. and using the fluxes thus obtained,
advances in time by solving the first-order finite
difference approximation of the Euler equations.

Coding details for the RCM, and the Godunov
* method are liven in Refs (4.7) and Refs (7,8)
. respectively. In the following section, examples of

the applications of these techniques to wave rotor Rs.
devices are given. S NW275 L -

EXAMPLE APPLICATIoNS s-> .-225

11-150
Fig I shows a wave diagram (a one-dimensional

space-time plot) for a wave rotor device configured to
operate as a turbine alone. Air at a pressure higher
than ambient enters the rotor through the inlet port,
generating a shock wave with a slower moving contact
discontinuity behind it at point 'a'. The ahock
reflects off a wall boundary at point 'b', crosses the 4-S

incoming Interface at point 'c' (bringing it to a N-75 '
halt), and reaches the Inlet side again at point 'd',
whereupon the inlet port is closed. The gases in the N-25
rotor passages are now In an essentially quiescent,
high pressure state. At point 'e', the outlet port is
opened to a lower pressure, a rarefaction fan being
generated in the process. The expansion waves travel
to the left, reflect off the solid boundary and
propagate back to the outlet side. The port is closed Fig. 2 Sequence Showing Shock and Interface Movement.
when conditions In the passages are essentially the S - Shock; I - Interface; IS - Reflected
same as at the beginning of the cycle. Shock; N - Timeecep

The transient process of the rotor passage end
opening or closing creates loses which affect the

' "performance of the device. The gradual (as opposed to
instantaneous) opening/closing of the passages is

b 1WLT essentially a two-dimensional flow phenomenon and is
modelled using the 2-D Godunov code. Fig 3 shows a

•e sequence of pressure contours for the gradual opening

• (case which clearly shows the significant effect the
it 5 dynamics of the passage opening has on the flow

pattern in wave rotor devices. The actual shock
formation for the modelled case is seen to occur

<" d approximately halfway into the passage as opposed to
:- the instantaneous formation generally assumed for the - -

ideal case.

t -DISCUSSION

The two techniques described here are powerful
tools for the design of wave rotor devices. The

-e~ *example application of the one-dimensional Random
- - Choice method deals with a fairly elementary wave

- = diagram, but serves to illustrate its potential and
- -. suitability for designing complex gas turbine engine "

cycle type wave diagrams. The Godunov method is more
amenable to extension to mltidimensional analysis
required for loss calculations, while fulfilling the

.2 " ,requirements outlined in the Introduction.
. -863

0%
Fig. I Vave Diagram Computed by I-D Random Choice

Method.
S-Shock; IS-Reflected Shock; R-Rarefaction
Fan; fL-Reflected Rarefaction; I-Interface

-.2 "

-
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APPENDIX D

Local Cell Orientation Method -Illustration of the Method for the Solution
with an Oblique Shock.
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Local Cell Orientation Method.

Illustration of the method for the solution with oblique shock

.

" INTRODUCTION

The Finite Volume Schemes for numerical solution of the Euler equa-

tions can be split into two main steps:

a)Calculation of the fluxes on the cell edges;

b)Updating the valugs'at the center of the cell ,using the

calculated fluxes, to satisfy the Euler conservation laws.

Usually the accuracy of the flux calculation determine the accuracy

of the numerical modeling Ref.1. In the region of the shock wave the

accuracy of the flux calculation is significantly reduced and in some
.-.4

methods special care should be taken in order to reduce the pre-shock

and after-shock oscillations.When the upwind methods are used the -

fluxes are usually calculated using the one dimensional wave propagation

problem (i.e. Riemann problem). In this case the assumption of the

*' one-dimensionality lead's to large computational errors and significant

shock smearing in the region of the oblique shock.

In the current study it will be demonstrated that the accuracy of

* the numerical modeling could be significantly improved by proper Local

o- , °i * ,1 . , '. . "?



N. PAGE 2

Cell Orientation (SELCO Method). We applyed the SELCO Method only 'U
with the Godunov scheme for the solution of the Euler equations, but

the idea of the method is general enough to be used with other finite

volume methods.

THE SELCO METHOD.

For the Godunov method the numerical fluxes are calculated using

. the solution of the Riemann problem. First the solution is assumed to be

piece-wise constant in every cell. Then, to calculate the flux for every

cell edge the Riemann problem is solved between the cells adjacent to

the edge. Solution of the Riemann problem is obtained in the direction

normal to the cell's edge. The equations are then integrated in the

each cell for one time step using the finite difference approximation of

the Euler equations and the fluxes at the cell's edges. A more complete

* description of the Godunov method can be found in Ref. 1.

In the two dimensional Godunov method it is assumed that the fluxes

could be determined using the solution of the one dimensional Riemann

problem if the CFL number used is smaller than 0.5. In the following

example it will be demonstrated that that assumption lead's to consider-

able errors for the solutions with oblique shock waves. -.- ,

.2' As a test case the supersonic flow over the 22.30 wedge was simu-

lated. The grid and the computational domain is shown on the Figure 1 .

The system of the two dimensional Euler equations as in Ref.1, was

" solved by time marshing in the computational domain shown in Fig.1 for

.. " . ..
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time tcoo with the following conditions at the domain boundaries:

a) Inflow of the air at M=2.2 along segment 1-2;

b) Outflow along segment 3-4;

(the flow along this segment will be supersonic and

the continuation condition is applied to all parameters

at the downstream boundary)

c) Solid wall along segments 1-3 and 2-4. * ,-..

In the Figure 2 (a,bc,d) results of the flow simulation using the

Godunov method in the computational domain shown on Fig.1 (squares)

." are compared with the analytical solution for the supersonic flow over

the wedge (solid lines) Ref.2. Comparison is done for the data on the

lower surface of the channel shown on the Fig.1. It can be concluded

from this comparison that only pressure coefficient is calculated accu-

ratly by the Godunov method. Especially notable the error in entropy.

Exact entropy change on the shock wave is 2 times smaller than that

predicted by the Godunov method. The isomach lines are shown for the

; same simulated case, in Figure 2 (e). The shock is smeared over the

large area of the mesh (up to 5-6 points), but the shock's angle is EI
. simulated correctly.

In order to study the source of errors for this type of problems the -

supersonic flow over the wedges with different angles was simulated. It

.4 was found that the pressure was predicted accuratly for the all simu-

lated cases. At the same time the error in entropy increases when the

shock wave obliquity increases. Dependence of the accuracy of the

shock simulation on the shock obliquity is not surprising since the basic

.. . . . . . . . . .
. . . . . . . . . . . . .-.. . . .

. -,. .. . . . . .
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assumption about independance of the flux calculation for the intersect-

ing edges of the cell, for t < 0.5*CFL, became incorrect in the vicinity

of the shock. Spliting the flux calculation for each cell on four one

dimensional Riemann problems for each of the cell's edges would not

* lead to the large errors in the regions of monotonic flow. It will also

give accurate approximation in the region of the oblique shock if the

shock wave is parallel to one of the cell edges. The last statement will

be illustrated by the following numerical example.

Let's solve the problem of the supersonic flow with M =2.2 over the

22.30 wedge, as in previous example, on the grid shown in Figure 3.

The grid in Fig. 1 is skewed uniformly so that vertical lines of the grid

are forming a 51 .7* angle with the positive direction of the x-axis. An

* gangle of 51.70 corresponds to the shock wave angle calculated analyt-

ically Ref.2. Because the grid is skewed the oblique shock waves will
.. 4

* - be parallel to the vertical grid lines of the mesh shown in Fig.3.

Results of this test case, in the form of the distribution of pressure

-- coefficient, entropy, density and velocity, are compared to the analyt-

ically calculated values (solid lines) in Figure 4 (a,b,c,d). In Fig.4

(e), the isomach lines for this simulation are shown. It can be con-

cluded from the results presented in Fig.4, that the flow is modeled is

this case with very high accuracy. Shock wave is resolved on one grid

. cell and entropy jump is calculated exactly. All that is result of the

proper cell orientation towards the shock wave.

Skewing the entire grid can help to accuratly resolve only one

1- shock wave, and only on the condition that the shock wave angle is

known prior to the solution, so it could not be applied effectivly. But

- --- -

'4::. .
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if skewing of the cell can be done locally in the region of the oblique

shock it can improve the accuracy of the shock wave simulation. m "- .,
The proposed SELCO method does the cell reorientation locally. The

method consist from the following steps: V

1)Integration of the Euler equations by the Godunov method;

2)Define the approximate shock location and the shock angle using

the expressions for oblique shocks Ref.2.

(Based on the fact that pressure is calculated accuratly

by the Godunov method);

3)Rotate the cell edges that are directed along the shock about

their middle points on the shock wave angle. So, after rotation,

two of the cell edges will be parallel locally to the shock wave

surface (see Figure 5);

4)Calculate the fluxes on the new edges of the cell;

5)Integrate the Euler equations in the new cell.

All these additional steps do not add much of computational work,

because the cell reorientation should be done only in the vicinity of the

shock wave. If the shock could be resolved on one grid point, only one

cell would be transformed. Our experience has shown that there is no

need to extend the SELCO procedure on the cells ahead and behind the

,. shock wave surface.

In Figure 5 (a,bc,d) results are shown for the same flow condition

. as in previous cases: supersonic flow with M =2.2 over the wedge of

• ° %'
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22.3- Calculations were done on the grid shown in Figure 1 and in

this case the SELCO method was applyed. It can be concluded from the PIKE

results presented in Fig. 5 that the accuracy of the shock wave model-

ing using the SELCO method approach that demonstrated in Figure 4 for

the completely skewed grid, and is superior to the accuracy of the

standard Godunov method. The isomach lines for the case where the

* SELCO method was applied are presented in Figure 5 (e). The shock

*, tickness in this graph is minimal and much more improved compared to

the simulation by the original Godunov method shown in Figure 2 (e).

*CONCLUSIONS.

I It has been demonstrated that inaccurate modeling of the oblique

shock waves produced by the Godunov method is the result of the

* obliqueness of the shock wave with respect to the edges of the cells of

the computational grid covering domain of integration. It is also shown

that only when the shock surface is parallel to the two opposite edges

'.. of the cell the oblique shock can be accuratly calculated.

, A new method of the Local Cell Orientation (SELCO Method)

- is proposed in order to allow local reorientation of the cells in the

, "-, vicinity of the shock waves. The efficiency of the SELCO method is

.. demonstrated for the simulation of the oblique shock waves in the

supersonic flow using Euler equations.

Although the new SELCO method was demonstrated with the Godunov

* .. scheme it will be effective in applications to the other upwind methods

* . * -. . . . . . . . . . . . -.- q

~. -. . _ . . ..- '. ',....- .. ...-.. . .. ..-.-. , ,- -,.-. .. ,.-. .. . .... .. -,. - . • . -.- -,,.,.
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that use the finite volume formulation.
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FIGURE CAPTIONS. ,.. .

1. The Computational Domain.

2. Computation by the Godunov method.M.= 2.2.

Wedge Angle is 22.3'. Continuous lines

show the exact solution for - a,b,c and d.

a) Surface Pressure Coefficient.

b) Surface Entropy.

c) Surface Density.

d) Surface Mach Number.

e) Isomach Lines.

3. The Computational Domain with the Skewed Grid.

4. Computation by the Godunov Method on the Skewed Grid Shown

in Figure 3. M_,=2.2. Wedge Angle is 22.3'.

Continuous lines show the exact solution for - ab,c and d.

% a) Surface Pressure Coefficient.

* b) Surface Entropy.

c) Surface Density.

d) Surface Mach Number.

e) Isomach Lines.

5. The Local Cell Reorientation by the SELCO Method.

6. Computation by the SELCO Method.M_.=2.2.

Wedge Angle is 22.30. Continuous lines

show the exact solution for - a,bc and d.

a) Surface Pressure Coefficient.....

b) Surface Entropy.

c) Surface Density.

d) Surface Mach Number.

e) Isomach Lines.
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