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repetitively-pulsed CO2 and KrF Iaser drivers for ICF were 1dent1f1ed :

and their performance requ1rements w?re specified. It was found that 1
the laser flow loops can have a major effect on the laser beam quality
and overall efficiency. The’pressur% wave sSuppressor :was identified
as the most critical flow loop component:. The performance of vented
side-wall suppressors was evaluated both anaIyt1caIIy and exper1men-
. tally and found capable of meeting the performance requ1rements of the
CO2 and KrF fusion lasers. All other laser flow qup components are
essentially similar to those used iniconventional, low speed wind
tunnels and are therefore well charaéterized and can be readily

incorporated into fusion laser fIéw gystem deéigns.
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1. INTRODUCTION

The general objective of this program was to study the problems of
developing flow systems for repetitively pulsed gaseous lasers which can
meet the requirements of laser-driven ICF power generation. More specifi-
cally, the objective was to identify the most critical elements of such
flow systems, to determine if existing state-of-the-art technologies and
components can be used, and to initiate the development of those elements
for which presently available solutions are found to be inadequate.
Another objective was to compare the different candidate laser drivers
for ICF power generation on the basis of their flow system requirements
and the technical risks and difficulties involved in meeting such

requirements.

The Tasers considered under this program are primarily the CO2 and
KrF lasers. The most important requirements imposed on the flow systems
of these and similar lasers, based on laser-fusion systems considerations
are: :
a. that they produce a uniform flow in the cavity, with a
high degree of media homogeneity just prior to the

lasing pulse so that the laser beam can be focused onto
small fusion targets; and

b. that the power required to regenerate and recirculate
the gas through the cavity be minimized.

The media homogeneity in the cavity, prior to each lasing pulse,
will be affected mainly by cavity inlet flow conditions (i.e., the density
uniformity of the cavity feed gas) and by the pressure waves produced in
the cavity subsequent to each lasing pulse.

The power required to regenerate and recirculate the gas will depend
on the type and extent of chemical and thermal regeneration which is
required for any specific laser system, and it will depend also on the
pumping power required to flow and recirculate the gas through the Taser
system. The latter is determined to a large extent by the overall pressure
drop in the flow system.

1-1
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{Taser, whereas in the DoD-type 1asers:there will be more emphasis on media

e

' |p—

The design of low-pressure-drop rec1rcu1at1ng flow systems is a

—n —
|
l

.standard practice in wind tunne][uechno1ogy.':F1ow cond1t1onerscare< are
also used in wind tunnels when a h1gh1y uniform flow is required in the,
Such technologies can:be readily adapted to the recircui

lating flow system of a repetitively pulsed fusion laser.
|
The subject of pressure wave attenuation in repetitively pulsed |

gaseous lasers has recently received Lonsiderab]e attention under severé]
DoD-funded pulsed laser programs. At‘least some of the concepts and tech-
niques of pressure wave attenuation, deve]oped for DoD app11cat1ons, shéu]d
be useful also for fusion lasers. There are, however, some d1fferences!

The repetitively pulsed CO2 and chem1ca1 lasers being developed for DoD|

the form of a choked feed plate, wh1ch effectively isolates the fresh :
incoming gas (which is upstream of the cavity) from the spent gas and t?e

utilize an open-loop, high-pressure- drop gas feed system, most often in

pressure reverberations in the cavity‘ Such large pressure drops are 1t

clearly unacceptable for fusion 1asers ‘where flow efficiency is of pr1$ary

importance.

e g

(Lo w{-pressure-drop, c]osed Toop . f]ow;systemS'are required {ﬁ?
the ‘DoD pulsed: pUV & yisible 1aser¢programs 2 However,‘hereatoo,therelare d1f-’

ferences between the DoD and the fusion laser requirements. The pressure

drop and flow efficiency requirements will be more stringent in a fusion

homogeneity and beam quality. : :
|
The s1mu1taneous requirements for entrance flow conditioning and |

acoustic wave suppress1on in a Tow- pressure -drop rec1rcu1at1ng flow system

-
thus represent the maJor cha]]enge {}he present - programqwas des1gned5to addresaj

this challenge by deve]op1ng an ana1yt1ca1 and exper1menta1 base which can

be used in the design of fusion 1asen flow systems which can meet these:
: I
‘requirements, I : . |

P
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(ELIRRREE SRR AR

Simp]ifie&ienalytical models , presented in Section 2, were used tp
establish the design and performance:requirements for flow systems of :
repetitively pulsed fusion lasers. Whe requirements on lasing-media uni-
formity are derived from the beam qua]ity considerations. The requ1rements
on flow efficiency are based on est1mates of overall target gains and other

system efficiencies. | : l
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linzpulsed lasers. So far we have used this facility mainly to help upg#ade

‘land decay in the presence of var1ous|pressure wave suppression devices. I

|processes and dev1ces Recent code mod1f1cat1ons and comparisons of code

) ———
- The need for gas temperature contr01 to small fractions of 1°C, wés
identified as an 1mportant techn1ca1'prob1em =but no attempt has been made
50 far to specify techniques and deviices which can be used to meet th1s|

| : I

requ1rement ' I . |

‘ The problem of pressure ‘wave squress1on, particularly upstream of|
the laser cavity and under small- pre#sure -drop conditions, is addressed.
in Section 3. Our major effort in thiis area was toward the deve]opment|
of an experimental facility which cad simulate the pressure waves generéted

|
and validate a code which can be usedlto analyze pressure wave propagat1on

The experiments have also been used tb highlight potential problems

!
associated with one particular pressume suppress1on device (the vented :
side-wall absorber},seezSection 3 1) ) ‘ :

' |
Along with the experimental effort we have continued the development.

I

of our analytical capabilities in mode]ing pressure wave suppression |

——————————————————————————— - —l——

predictions on exper1menta1 results are presented in Section 3.2. |
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‘|suppressed to some predetermined 1eve1 (dictated by the beam quality

fand1w1¢houttunduercost tostheof1ow systemypressureﬂdrop anduf1owq'F1cu
—_._————"—'" .
- [recirculation power. Meeting the. beam quality and flow efficiency require

- —— — g = —— . — ——

2. FLOW SYSTEM STUDIES
l ‘

o
2.1 GENERAL CONSIDERATIONS FOR FUSION LASER FLOW SYSTEMS
i

|
‘The fusion laser flow system can; be viewed as a convent1ona1 w1nd

- emn m emm . m—— w—— w—— v

tunnel with the laser cav1tyrregT;c1ng?the{testcsection unThe f1ow}ow
system design must reflect the requirements imposed on the laser as a |
reactor driver. ~The beam generated by this Taser will have to be focused
down onto a small target,%:typically o? the order of 1T mm. This requirement
places restrictions on the dens1ty nonun1f0rm1t1es in the cavity just pr1or
to initiation.  The flow system thus must deliver a h1gh1y uniform gas to
the Taser cavity. It must also be eff1c1ent, namely, the power requ1red

to generate the continuous and un1form flow must not be 1arge3cdm:3, C -
___,_,__:—
pared to the average power extracted from the laser. The ana]ys1s of these

|
. _The_heat and. overpressure generated _in_the_cavity_of_a_pulsed_ 1aser ]

is a major source of flow nonun1form1¢1es These overpressures must bel

requirements), on a time scale that'1s ;shorter-than - the.: pulse. 1nterva1"

ments will depend critica}]y on our ability to develop the necessary :
pressure wave suppressﬁon techniqueS'bnd devices. The status of pu]sed:
laser pressure wave suppression is bﬁief1y reviewed in subsection 2.1.2}
and the special requirements and problems anticipated in fusion-type 1asers

. l
are emphasized. ' | ‘ |

l |
There are additional problems assoc1ated with recirculating fus1on|

1aser flow systems that could severe]y 1imit the ab111ty to attain the 1
required operating conditions. The ﬁwo flow features that will probab]y
require careful consideration are the temperature uniformity requ1rement -

which is quite formidable for large fus1on laser systems -- and the contro]

of flow nonuniformities produced by f]ow separation, flow turning, and the

e

two key aspects of flow system requ1rgments is presented in subsection 2 1'1.

nonsteady energy add1t1on ﬁnvlhese>are br1ef1ysrev1ewedw1n subsection 2 ﬂ 3’3

BOTTOM OF PAGE -—+

L — T
G :ene~i i subsection 2.1 5. T —

C |

r—- BOTTOM OF PAGE

LIS LIRS LIS P IR SIS LIS T IE

|
|

L]



BOTTOM OF PAGE ——-}

‘— BOTTOM OF PAGE

robio e b A o 88 ud i A8 :Il'll 080 ||'III|I7FIIIII o @A ool 8 Pllll
: DOCUMENT NO. . , ___ DOCUMENTNO, _
_— PAGE NO, | C : L PAGENO.| —
= - o ) - " —
—vs ;g;l;]} F]dﬁbgystem RequjrementsA : «il : ft
———§ Figure 2-1 iTIustratesrthe bas1c|configuration ahd essential compenents -
;;3” of a fusion laser fina]»amp]ifier. The cavity configuration assumed for ::
= this study is shown in Figure 2-2.° The major laser parame%ers, which will -
:1E affect the design and performance of the f]ow system are 1nd1cated on : 13
—_— this figure. As far as the flow system is concerned the laser performdnce —
_ can be characterized by three nond1mens1ona1 parameters: the extracted‘ _
—_— energy density, S (expressed, e.g., 1n J/lit-atm or similar. d1mens1on1ess —
:12 |form), the beam quality, BQ (to be def1ned below) ‘and the pulse repet1t1on 1§
—_ frequency (PRF) The subsystem used for laser excitation or 1n1t1at1onl —
::: (be 1t on e-beam, a d1scharge or a photo]yt1c source), is character1zed| ::
— for our purposes by the power consumed by this system, PI Similarly, : —
:Ei the flow system is characterized. ma1n1y by the power it takes to drive : ‘Ef
— the compressor, PF’ and the flow Mach No. in the cavity, M. The 1as1ng:', _
- media itself is characterized by the gas properties in the cavity (pressure, _
—_— temperature, molecular weight, ratio cf specific heats) Y\ and index_of: -
ZEE refraction, n or 8), and by theuséﬁ§§bie heat, AQ, whicn“deve1ops in th% EE
— cavity*after*iaser—eﬁcftatibn'andrna¥se“extractfon. —————————— —r'— —
—_ 2.1.1.1 Beam Quality and_Media Homogéneity : —
-36 Beam Quality i I 36
_— For the purpose_of‘this.study, t?e beam quality isfdefined as : ::
— | d. p . | l e
— BQ o — | (1) —
42 2 AF . 42
— where'A is the laser wavelength, F is:the'focal 1ength of tne focusing i» ::
L m1rror, D is the characteristic size of the laser beam aperture™in the : -
j;g near field and dm1£}1s the minimum spot size wh1ch can be obtained in : ;;
- the far field (or focal plane) that conta1ns 90% of the beam power and : -
—_ energy. - : : _
= | | -
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Figure 2-2.

Schematic of a Laser Cavity
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- f The - focused beam spot size, d , should be equal to or smaller tth ;;—‘
L ! 1d
_ : the fusion target, which is typ1ca11y assumed to be of the:.order of 1 mT. -
1‘ , For an ideal diffraction-imited beam' which has a uniform phase and a ! =t
1 —
— ~ Gaussian intensity distribution across the beam, it can be shown that the L;ﬂ____ﬁa_;
{g minimum spot diameter which conta1ns:90% of the beam energy is given byI ;—:
- : ' {
18 . 1 - i
" _ 1.8 AF ' _
— = I = = | —
_ dnin = d4if =~ D . _
—_— 1 | —1.
1 b
:;; We will assume that theiinput beam to the final amplifier has uniform ;'.
hy 4
_ phase and a nearly uniform 1ntens1tyld1str1but1on [f the amplifier med1um —
- has a perfectly uniform index of refract1on, the amp11f1ed beam could be -
— ' focused down to a spot M1ameter d: NIf thetnndexjof refractioniis is —
{ di f PR S &
;;; not uniform across the amp11f1er the beam exiting the amplifier will have ;2~
—_ an aberrated phase and its minimum spot diameter will be larger than dd £ -
‘::: Thé'ﬁ1ﬁiﬁdﬁ'§ﬁ6f—§fi§'Héﬁéﬁd§'56th d#’the magnitide of these phaSe aberra- -
—_ tions and on their shape or d1str1but1on across the beam aperture. | —l
|— | —
I -
-36 The index of refraction variations in an amplifier medium of a un1form 3¢
. composition (which is the only kind of medium considered in this report) —L
_ éh are related to the density variations through , : —
—_— @ I i
— - b g N : _F
42 an=n-T1l=38 (il>((49) (2) 4y
L | Pa/\ P I
] ~ . { L
S, l ! —L
— where g is the Gladstone-Dale constant and fa is the reference density for -
N which B is known. The optical path d1fference (measured in wave]engthsb __%
;4? for a ray traversing an amplifier of,]ength L (refer to Figure 2-2) is : 4¢
. ~ {given by : : —[.
—_—— I P—
=7 | | I
T L d | L . / } P
54, OPD (x,y) - f An)\ Z:= Y <hn> = pp—->\<4%> (3a) 54
— : a P I L
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and the phase difference is given by
Ap(x,y) = 21 - OPD(x,y) (3b)

We will now try to relate the amp]ifier density and index of refrac-
tion variations to the minimum focused spot size and beam quality. Such
relationships will allow us to determine subsequently the media homogeneity
requirements when the desired minimum sbot size and beam quality are given.

o When the phase aberrations are ordered and small (say, OPD < 0.1),
diffraction analysis leads to the relationship

mino o 1,02 ]
N exp [— (89) ] , - (4)
dyif 2 TTIRMS] »
independent of the shape and distribution of the aberrations. For random
phase aberrations of a 1ehgth scale A (e.g., such as would be created by
turbulent velocity and dénsity fluctuations in the amp]ifier cavity),
‘Reference 2-1 shows that the minimum spot size is given by

g :
—min v l_&
d exp [2 3 (Acb)RMS] (5a)
when A < D, and by
d 2 T
min o, 1D 2
Gy © &P [? A (A¢)RMS:| (5b)

when A > D. Expressions (Sa) and (5b) are valid for both small and large
aberrations, independent of shape, provided they are randomly distributed.

There are no eduiva]ent simple expressions for 1érge but ordered phase
aberrations. In such cases the shape of the aberration cr1t1ca11y affects
the minimum achievable beam quality and spot size.

A first-order estimate of the minimum focused spot diameter (or minimum
blur circle) and beam quality can be obtained by using simb1elgeometr1c
optics considerations. ~Any given ordered aberration can'be.expressed
as a Fourier series of m components, i.e., ‘

|2-6 |



m .
Bo(xy) = D by Fy(xy)
i=]
and similarly,

m
o <an(x,y) = ) ang FLlxy)
i=]

The geometric beam spreading angle produced by each Fourier component of
the aberration function is given approximately by

4L An,
i

8,(geo.) ® 21 (6)

where L is the wavelength’of the ith component. The total spreading angle
can now be expressed as ‘

. m o
2 _ .2 § :' 2
i=1 '

where edif is the spreading angle .of the diffraction-limited beam given by
A/D.  The minimum focused spot diameter then becomes

| - :‘1/2' n LA/
d. nvolel +Zez‘ F = 1+Z—ei d (8)
min v dif T2 il = \85ir, dif
- i=1 i j:] N 4
and
2 o 5 (91 )2 - (4L' A“i)(nh ?
BQ"~ 1 + =1+ » —) (9)
O4if A %




“Expressions of this form have been compared with results obtained by more .

rigorous methods of calculations (typically involving numerical solutions
of the physical optics equations) and were found to give reasonable first-

order estimates.

Equations (8) and (9) are used in this report for evaluating the

effect of large ordered aberrations (OPD > 0.1) on the minimum spot size
and the beam quality. Each such aberration will have to be characterized

by its maximum OPD and "wavelength" & (or number of cycles) across .the

beam aperture, D.

Media Inhomogeneities

The residual pressure fluctuations are related to the density fluc-

tuations by the acoustic limit of the 1sentropic relation p v pY, i.e.,
for small residual fluctuations '
/7
é‘le‘—«éﬂ) (10)
1 YA\P

There is, however, one ‘other mechanism by which pressure fluctuation

in the cavity can generate density inhomogeneities. If a non-isentropic

flow element is located upstream of the cavity, pressure fluctuation in
the cavity will imprint an entropy (temperature) and density variation on
the gas entering. the cavity. This variation does not decay with time
even if the entropy generating pressure fluctuations do. For small pres-

sure and entropy fluctuations it can be shown that

Apr\,Y‘_1_<éP_> | | (1)

T

e
Requirement (11) is roughly a factor of two or so less restrictive than
the requirement for residual pressure fluctuations.

The required temperature uniformity can be obtained from the logarith-
mic differentiation of the ideal gas law (p = pRT). Under isobaric con-
ditions, we find that

.

2-8 |
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Thus, the required density un1form1tyfprescr1bes the requ1red level of
%emperature un1form1ty Typical perm1ss1b1e Ap/p1 values require temper

ture control to fractions of a degree.
t
It is 1nterest1ng to compare these requirements against the 1n1t1a]:

d1sturbance levels in the laser cav1ty just after the initiation process.
The constant-volume (density) initiation process allows one to simply

determ1ne the temperature (pressure) r1se using the first law of thermo-
dynam1cs and the gas law. The resu]t:1s

((éll)) = A_T.» _ ﬁ-_; AQ(J/\ht atjr‘ - (

P T -
= -1-

_——-m_.—_._-—.-‘l

13)

gy D 1) 1% PR I

/

| -

\ , r | o
1 [N |

Iheftyp1ca1 range of laser parameters11eads to values of (Ap/p])1mt that

are 0(7). In some cases, as will be seen for the Raman Cell of the KrF\
system, (Ap/p1)1n1t will be very sma]ﬂ [o(10” )] however, in general, :
the initial overpressure levels ca]cu]ated from (13) will require acoustic
2 ahd 104 due to the medium quality :

—]

pressure suppression of between 10
requirements described previously. The temperature uniformities requ1red

also necessitate contro]“ by factors similar to the pressure suppress1on
.

factors. . | ; :

The requirements on the flow unﬂformity are also connected to the :

beam quality specified medium homogeqe1ty (Ap/p]) From the energy equ?-
tion along a streamline, CpT + (1/2) U = C, which is valid just prior to
the initiation pulse, one finds that:

--PAGENQ] .

n
~
\

———— -
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BEERE:

F ey

8..

SR

Em Iﬁllll‘l\ﬂ

[
!
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——-—=——""whereJM is the flow Mach number and AU/U is the large-scale ve]oc1ty var1ar .
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_— At very Tow Mach- numbers (5530;93), the velocity uniformity is noq
':::g restrictivé, however, when M >0.3, the AU/U requirement may be very l

1. - '
—8 difficult to meet. - Once AU/U becomes small enough, it is difficult to |
::; distinguish a vortical or Iarge-scalé ordered disturbance from the smaIHer
-12 + scale random inhomogeneities (turbu]ence) The density 1nhomogene1t1e§
::: ‘ assoc1ated with turbulence velocity f]uctuat1ons are given by l
_ : | _ |
— Ao : | . |
-18 5— v M ( U i ) (ﬂ 5)

fI-u;ulm

f !

i
r

(
-

EDGEO

]

P T4
! Y

I

L 2
Bt i

1

]

—

where u''is the rms turbulence intens1ty This relationship is a conse-

|
quence of the fact that turbulent pressure fluctuations are related to |

the turbulent velocity fluctuations through AP v pu 2, and that AP = C2

Np for ad1abat1cId1sturbances;

P! P

The med1um qua11ty requ1rements{descr1bed above are summar1zed in

“Table 2-1 and will be evaluated for specific fusion laser systems in I

—~—

|
Sect1ons 2 2- and 2 3.—The-above- d1scuss1on completes-our—general- ana]ys1s

of the 1aser gas med1um uniformity requ1rements just prior to 1n1t1at1on
In-the next subsection, the overall f]ow efficiency and pressure- dropx
requ1rements will be examined and the, pressure-drop contributions of the
various elements of the flow system wﬁ]] be evaluated to first order. :
. o ' |
2.1.1.2 Flow Efficiency Definition and Requirements {

{ i
The flow system associated with a fusion laser must be closed- cycIe

in order to make ICF economically feas1b1e

the closed-cycle system must also usela minimum of power to transport the

laser gas around the circuit while maintaining the medium homogeneity

! : ‘ . I
]
1

requirements defined in 2.1.1.1. l

90
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A schematic of a fusion laser flow system is shown in Figure 2-1.
various elements in the system will be identified now-beginning with the

1)L

laser cavity (denoted as station

In addition to conserving gas, [~
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[Table 2tX ?Factors Influenc1ng the Medium Homogenelty (7?)
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 The character1st1cs and purposes of the various-elements of the f]ow

|system are summarized in Table 2-2. IThe flow in the laser cavity is 1&

tially at a given state (p], T]). Aﬁter the laser gas is initiated (e.%.,
with an electric discharge), the constant-volume heat addition process |
leads to an overpressure Ap and a temperature excess AT. The overpresshre
Ap is suppressed by acoustic e]ements upstream (:) and ‘downstream (:) of
the cavity. =Both of these elements %re entropy-producing and necessar1ﬂy
must contribute to the f]ow.pressuregdrop p* of the entire system. A :
diffuser (:) is needed only when theigas flows at a fairly high Mach
‘number, say M > 0.2, to convert the 4ynamic head.(or kinetic energy) of:th
flow to static pressure (potential energy), with minimum losses. A gasi
regenerator ‘ will be required if the gas undergoes nonreversible '

-{chemical changes in the cavity.. Heat exchangers (:) and (:) are requ1red

to extract the excess heat depos1ted'1n the cavity, the heat generated |
by the compressor and heat that may be added to ‘the cycle by the regenera-
tion process The location of the heat exchangers may vary, and in- some
applications, one heat exchanger may,suff1ce A compressor (:) will be:

trequired-to -eirculate the -gas arounthhe—f1ow-1oop—-—The—rate of-mass- fow

|
I
| .
power requ1red-to drive the compressor. Flow management devices ‘ will

through the flow loop and the overalh pressure drop will determine the

be needed to control the velocity anq temperature fluctuations in the gas -
near the entrance to the cavity to meet the beam quality requirements. :
It is possible that the .functions of:ve1ocity and temperature control c?u]
be combined with the pressure wave %uppression function of the‘upstream

absorber'(:) and performed all by one element. |
| |
The overa]] laser efficiency nLJ defined as. the. laser output powcr|

P> divided by the total input powery prop = Py + Pt Pp (where PI’ PFI
and PR
tively), is arkey parameter in the evaluation of - laser fusion. This

i
are the 1n1t1at1on, flow and chem1ca1 refeneration powers, respec-

definition permits us to write

D

e Jf Y
-
3
o
x
_——— e e e
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Table 2-2.

Major Elements of a Fusion Laser Flow System

Element
Number

Element Name

Element Function, Characterization or Requirements

1z

1

@

o .

® © ® @0 © ©

Laser Cavity

Downstream
Acoustics

Subsonic
Diffuser

Gas Regenerator

Heat _
Exchanger (1)

Compressor

Heat
Exchanger (2)

Flow Management

Devices

Upstream
Acoustics

Prior to Initiation.

Requires Homogeneous Medium at Ty, pj
+ AT and p; + Ap Produced After Initiation.

N

Suppresses Ap at Low Pressure Drop and Minimizes Reflection into
Cavity

Recovers Driving Pressure.

Chemically Reconstitutes the Recirculating Gas.

Reduces Temperature to Near T].

Increases Pressure Sufficiently to Transport Flow. Also Increases

Temperature to T, + AT .

Reduced Compressor-Heated Gas Temperature to Ti.

Produce Uniform Flow at p] and T], Control both Velocity and Tempera-

ture Fluctuations.

Suppress Ap at Low Pressure Drop Without Perturbing Other Media
Properties.
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- where Ny is the initiation (e]ectr1ca1) efficiency, e is the flow eff1c1ency, f;
! and ncR is the chemical regenerat1on eff1c1ency ‘of the laser. In this ! | —
.3 —
. . |report we will not d1scuss the gas regenerat1on aspects of the flow sysrem, B
since the two candidate fus1on 1aserﬁ which are spec1f1ca]1y considered, e
here, C0, and KrF, will require only m1n1ma1 chem1ca1 regeneration. : :E
‘4 Equat1on (16) is thus s1mp11f1ed w1th the last r.h.s. term eliminated. : - -=
. The effect of the flow efficiency on:the overall laser efficiency can tpus 1T
- be readily predicted:. ' | -E 1
i - : : — T o 18
:1;* No attempt was made in this study to estimate the minimum required} : —
:1: , overall laser efficiency for ICF powér generation or to evaluate the ; -
. | benefits which can be derived from an increased laser efficiency. Simﬂ]e T
-24 arguments indicate, however, that th% absolutely minimum acceptable laser 24
—?—- . ——
— T~ efficiency is of the order of one percent and that substantial gains c%n -
— be derived in net power production if the laser efficiency is inéreasei —
—_ from 1 to 10%*. We will thus focus éur attention on this range of oveﬁa]] —_—
=30 laser efficiencies. : | 30
——— ! ——
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-36 | ! 36
— | | _
]
- | —
| |
— I —
- I I —
42 | ! 42
!
— | | -
N | { —_
—_— | ! _
- | i —_
- I ! I
4 R , s
-—._._4‘\ - he : l —
—— l ( : - —
= = ey L , o u , N
' - [/The 1% minimum efficiency is based on an assumed pellet gain of G = 10? ) B3
- and-a-yield- of—¥~—-nLG—=~JO —resu1t1ng-nn a-recirculating-power—fraction-of =
en' about 30%. This fraction is relatively high but still acceptable. For a i
more detailed discussion ofithis subJect, see Ref 2-2, p. 25. I
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_ tion efficiency, Nps and a desired 1a§er efficiency, UK this figure can
.ibe conveniently used to determine the minimum required flow eff1c1ency,lnF.
’ Consider, for example, a laser with a 10% initiation efficiency. The 1

wvaries from 2% to 100%. Suppose we choose 5% as the goal for the overa]] _
"|laser efficiency. Then, based on F1gure 2-3, if 0.05 < np < < 0.1, g must

) _ - Figure 2-3 is a plot of Equation (16) with PR ~ 0. Given an initia-

overall efficiency w111 vary from ~ 1 7% to 9.1% as the flow eff1c1ency

be well above 10%. We will show be]ow that there ' is a ‘tradeoff betweenl
g and the overall: flow-cycle pressuhe drop. Low values of Ng permit h:gh
pressure drops in the flow system and, hence, allow for the greatest
freedom of design to meet the medium;qua1ity requirements.

i

|

[

I [

The flow efficiency is coupled to the flow system pressure drop and

the laser energy extraction. The connection between these parameters ié
now derived. Specifically, the flow efficiency is defined as {
_ : !

nE = P:L/PF (37)

e — - —— — — . e - . +.

where PL is the average power out of the 1aser module and PF is the powelr'—1

| required to recirculate the Taser gas. The average laser power (in watts)

|
is |
|

PL=p V) STRRE (18)!

54
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lin liters, S is the extracted Pnprgyldenq1ty in \J/1it-atm and PRF is the
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where Pq is the cavity pressure in atmospheres, V] is the cavity vo]umﬁ

pulse repetition frequency. The f]ow power PF’ in watts, required to pump

the Taser gas around the flow Toop 1s given by (2-3) _ I

_"_"T'—"—‘ hal - 1 ' I ¥
' I - Y—_J_ - l
N - [
Pe = (1.013 x 10°) i :1 il ((Yf]> (E—6) . 1—5 (19))
: comq \ L, 5 . 1 :
whgre_p] is again in atm, and V1 in ﬂiters, and C is the ftuéh factor .,
[
I
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‘ divided by the cavity volume, ncomp 1s the compressor efficiency, ... :
T /T is the ratio of the gas temperature entering the compressor to the
o temperature in the cavity,zand Ps and*p6 are the static pressure upstream 1
. and downstream of the compressor, respectively.” If we combine (17), (1?)
. 1
12 land (19), we obtain i |
_ I
. | : ) \ ;S I
p : Bn :
_ ) "6 o 2. " 'comp
|— "F f.&((ps ’ Y)i :101 3 C(T5/T,) (20)
- TN i |
I8 | ! !
— where : :
S ! [ |
- M \ X§l- :
2 N - fpg/pes ¥) = =X ID6—p5+1 -1 (21)
_3 | 6'"5 =T\ v ps !
. | | !
- ; SR S |
- ! and (b6 - ps)/ps 'E Ap*/p5 is the "system" pressure drop S1nce eff1c1ent
——— d |flow systems will require small pressure drops, we can expand Eq. 21 and
-30 : . . . | I
s obtain a Tinearized term.for f: I |
A
e e e e e e e e e —— |
R -kI |
— £ A (22)
T p5 { i
- !
-36 i I
- The flow efficiency, Nps €an now be computed from [
‘ I
i i
— Cap* _ 27 Meet Neomp ‘ !
-42 i ; "F " 101.3 C(T./T,) ('23)
—_— 4 5 ! 5 ] . I
! ‘ t
—_— R MU ; - - (I
— I S U
- This express1on 1s accurate to w1th1m 7% for |
!
48 s . |
— pg < 0.2 and v, > 1.4 (24)
- [
I
— |
o For larger pressure drops and/or smaliler y Lfthe exact expression for f :
W (Eq. 21) should be used. } |
-542 | !
—a ’ |
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_'% The tradeoff between n. and Ap*/ip; can now be readily presented '(.ce figurs: ¢-4)
w . . .
—9 (see Figure 2-4). Note the importance of the extraction energy density. —
;;]w This parameter varies by an order of magn1tude for different fusion 1aser ::
— candidates. For an advanced CO2 system with S = 5 J/Tit-atm, and a | —
-12 | 12

realistic flow efficiency of 20%, F1gure 2-4 implies an allowable pressure
drop for the entire system of 10%. Tp1s value for Ap*/p5 is a factor of
20 to 30 larger than the typical low-speed wind tunnel pressure drop :
— (='0.004). Hence, for this example there appears to be enough avai1ab1é
Ap*/p5 to meet the requirements of the fusion Taser "wind tunnel" wh1chl

= I linclude acoustics, flow management, and heat exchangers. The various | S
' ! Lot H
::f ( (contributors to pressure drop in the system are described in subsequent | ::
— _ {paragraphs. I : | —
—.?_A- R — ! Re— »_%4
' The pr1mary sources of pressure drop in the flow system are def1ned 4 - {:
_j in Table 2- 3 The pressure dkbp‘WFiTTBE'?dEﬁE1?1ed with an asterisk (*)—.- L i—-
_ - ito distinguish it from initiation- produced overpressures and with a sub; _l‘_;‘ -
.36 fcr1pt to indicate the 1ocat1on of the pressure losses. The numbered | ;o
*subscr1pts shown in Table 2 3 refer back to F1gure 2-1 and Table 2-2. The -
_ lettered subscr1pts refer 'to losses d1str1buted throughout the system. : -
I _.,_
Pressure losses in flow systems are typ1ca11y referenced to the : -
42 ~ldynamic pressure of the f]ow enter1ng the loss e1ement The dynamic : 4?
. pressure g, is defined as p, U /2 wherF p; is the gas density and U, is : -
— the gas ve1oc1ty at 1ocat1on 1 in the system The pressure drop is then =
L given by . : ' : t"
48 ‘ ’ ! _ ! 2
. | l . b
* = = o -
. Ap K oF di/z K 9; (?5) iy
| | | _
(klu where the coeff1c1ent K [typ1ca11y 001)] depends upon the specific pressure |-
542 _ [loss source. : | : ' © gt
i f ' * ‘ _
_ Analytic estimates for the various pressure-drop elements will be : -
. - |presented below with the determinatidn of K as the goal. We proceed 1n: e
- “thHe Same order as indicatéd in Table 2237 — b . =
&d . . - i . e _ ‘:4
—tla T X | _
% ' '
b | -
— | | -
—f m j | R
. —- i ! —
- ]
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Table 2-3.

Sources of Pressure Drop in Fusion Laser Flow Systems

Pressure Drop Sources

Location

Features

Heat Addition

Diffuser '

Pressure Suppressor

Flow Turns (4)

Flow Conditioning

Heat Exchangers 12)

Boundary Layer Friction

Apf

Ap§
Ap§/Ap§

*
ApT

Apg

Apngpy_

ApE

Laser Cavity

Downstream of Acoustics

Up/Downstream of Cavity

Corners of Flow System

Upstream of Cavity

Up/Downstream of Compressor

Entire Flow System

Constant Volume Heat Addition
with Entropy-Producing
Disturbances.

Frictional Pressure Drop, Flow
'\Separation\§hou]d be Avoided. |

Pressure Drop is Design Dependent.

Frictional Losses/Flow
Disturbances, Design Dependent.

~ Includes Convergent Section,
Screens, Honeycombs (for velocity
and temperature control).

Pressure Drop Proportional to
Temperature Change.

General Frictional Losses,
Separation Should be Avoided.
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?Cavity'Heat Addition

¥ el .o - .
PPpa T, oowim ] !
. + }

' ‘ |
The quantity AT /T is re]ated to M2, the Mach number after the heat

: add1t1on, as fo]]ows (2 4) l
i S .%- L C
ATy Mg <1'+ y M?) (1 + 1%1-M§> , !
T YT 2y | - (27)
0 2 (1ay2) (0 m) S !
LAY 2) |
' |

|[nation pressure loss. Afterrsome(a1gebra1c man1pu1at1onsﬂ1us1ngfons, using

. .

1

I

. !

. I

A drop in stagnation pressure occurs in the laser cavity due to the

heat addition caused by the 1nitiat1on process and subsequent lasing.. !
The stagnation temperature rise can be calculated from the heat depos1ted
pnto the f]ow"TAQ ;The change 1n stagnationwtemperaturetisngivengby1 e

. “
Fe .

|
| )
. - LA
Moy Too = Tor _ (A& A 7py ) Py 36)
01 ]

{
|
2
01 To1 I 9 Cp o1 |
: |
|
|
{
|

|

|

quaﬁ{gnf_j26) and (27) enable one t6 relate the heat addition to the staqJ

basic gas-dynamic relationships, one can write

|
|
| ) '
2t T !
Por ~ P2 = K\ T2 )" o7 (28)
AN ‘ !
| |
: where :’ ) |
.
[/ 2\ | LY R
o [\ +yM . v=1 v y-1 1 .
K = Ky (My) = 5 ( ;) (1 + Igl-mg) (j + 1] M?) | (29)
yM] (1+YM2) _I _ :
_ o ! !
In general, this contr1but1on to the overall pressure drop'w111 ;;;3
not be Harge’*yNote that thepevaluat1on<made abovet:cons1dersxthe the ‘
s1ng]e pulse’ s1tuat1on We can take,the repet1t1ve1y pulsed nature of |
the heating into account by d1v1d1ng:the single pulse ATO] by the flush,
factor C. | [ ' :
| I
| [
I ) I
| S —

A i e ke . — C—-u —52-2]'.- ‘.“-L o ma s e - - - m e~

BREIRRRRE AR AR R RN 2R R R NN R R AR EN A H

N

r—- BOTTOM OF PAGE -



Subsonic Diffuser

' The behavior of subsonic diffusers is described in detail in Reference
2-5. The pressure drop through the diffuser is given by

. 1 v
Py = K3 5 (30)

where K3 is somewhat geometry-dependent and the dynamic pressure (p3 V§/2)
is evaluated at the diffuser inlet. Long diffusers with L3/H % 10 and

y s < P v
small area ratios (Aoutlet/Ain1et N 2.5)? operate efficiently without
significant stall. The loss coefficient for these geometries is in the
range 0.25 § K3 S 0.4. '

Pressure Suppressors

The acoustic suppression elements upstream and downstream of the
laser cavity are the key elements of the fusion laser flow system. They
are unavoidable if we are to-meet the stringent beam quality and flow
uniformity réquiremehts. Several concepts for performing the pressure
suppression have been under study for several years in the pulsed-laser
community. The two -primary candidates are flow-through absorbers and
side-wall muffler absorbers. These suppression elements may represeht the
major'contributors to'the allowable pressure drop for the fusion 1asér
flow system. Due to the "special" nature of these;system flow e]ements,'
quantitative discussion of pressure drdps arising from these elements is
deferred to Section 2.1.2.2 and to further specific.laser system discussion
in Sections 2.2 and 2.3. | | '

Flow Turns

In a c1o$ed-cyc]e fusion ]aser'flow system there are typically four
(4) corners (see Figure 2-1) where the flow turns by 90°. The flow
encounters losses as it turns around the corners.. If the corner is abrupt
without vanes then a 100% loss ‘of dynamic preséure can resu]t,(zfs) i.e.,
' KT = 1. Careful design of the corner duct and corner vanes can lead to
values of KT as low as 0.11 according to Pope.(2'5)

Ky = 0.15, which we will utilize for each corner. Note that, if necessary,

A reasonable value is

2-221



the vanes can be utilized to help cool the hot laser gas by flowing a
coolant through the vanes.

Flow Conditioning"

The flow conditioning pressure drop sources include any elements in
‘the flow system specifically designed to minimize and control flow non-
uniformities as well as possible thermal inhomogeneities. The main purpose
of these elements is to suppress-vortica1‘and turbulent velocity fluctua-
tions; however, thermal management can also be affected through the use of
cooled flow conditioning elements if necessary. Three types of losses are
" considered. The losses associated with flow through'the contraction
_ secfion upstream of the cavity, and with flow through screens and

honeycombs .
The Toss coefficient for the contraction section or contraction cone
(in wind-tunnel terminology) is given by(2 -5)
Kc] = 0.32 Cf RC/H . - (31)

where Cf is the skin-friction coefficient, zc-is the length of the con-
.traction section and H is the cavity height. This loss term is pre-
dominantly frictional and is typically less than 3% total pressure drop
in a conventional Tow- speed wind tunnel. ‘

At high Reynolds number (ud/gv > 103), the screen pressufe drop
coefficient is given by

- 0.8 18 (32)

where d is the wire diameter and 8 is the porosfty of ‘the screen, i.e.,

B = open area/toté] area. Screens opefate without instabilities for values
of B R 0.6, Typical values of K. cp range from approximately 0.10 to
‘approx1mate1y 2. We will utilize a value of KC2 1 for every screen
employed in the flow system.’ ’

Losses in honeyéombs.are typically small since they.aré very open.
For honeycombs with a length/diameter ratio of 6 and equal tube areas,

|Z Z3



Pope(2'5)

gonal tubes). We will use a value of K. = 0.25.

quotes a range for'KC3 from 0.30 (circular tubes) to 0.20 (hexa- |

Heat Exchangers

The pressure-drop coefficients fof_the'heat exchangers depend on the
gas entrance and exit temperature, as well as on the coolant temperature.
For the first heat exchanger that serves to take out most of the laser

cavity heat addition, we have(z's)'

02~ 01 (33)

where T5 is_the cod]out temperature, ehtering the heat exchanger. The
second heat exchanger serves to take out the thermal energy introduced
into the flow by the compressor. Hence

Note that further fine-tuning of the temperature may be necessary to
achieve the small density inhomogeneity levels of  interest. Adding an
extra heat exchanger will not produce much pressure drop because the total
temperature change introduced by‘such a heat exchanger will be small.

Boundary-Layer Friction

Frictional losses occur along the entire flow loop. Some of these
losses are found in area-change regions such as the contraction upstream
of the cavity, the dfffuser downstream of the cavity, and the corner flow
turns. However, these contributions have been separately taken into
account as described above. Hence, the boundary-layer friction losses
only need to be computed for the straight-wall sections. The pressure drop
in a duct of length % is
%)

MpE = Ko (3 oV° (35)

?2{24%
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" lsystem calculations.. The flow 1ength W remains to be determined. It 1s
. _ ! | ‘
- |an important parameter for flow system scaling studies. i
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where KF is s1mp1y C Z/D (where Dh is the hydrau11c d1ameter of the duct

cross section and Cf is the skin- fr]ct1on coefficient which is Reyno]dse
number dependent and typically in the range of 3 x 1073 to 10_2).

tion contribution is typically quite small for Tow-speed wind tunnels. !

i The various pressure- drop coeff1c1ents (Ks) for the sources descrjped

-above are summarized in Table 2-4. Tre major contributions are under]iﬁed.

| -
4 !
|

2.1.1.3 Mean-Flow Requirements [
‘ ]

The preceding discussion has centered around the pressure drop of
the flow system and the (maximum) peAnissib]e pressure drop. There aret.
also other specific requirements on the flow itself, e.g., the gas ve]oéity
jor Mach number which must be related to the cav1ty geometry, the PRF, '

I
and the "flush factor" C. These three parameters require some d1scuss1on

before specific flow ve]oc1ty requ1rements can be established. :

First, cons1der the cav1ty geometry Cav1t1es cons1dered nﬁ'thisw‘
report are limited to rectangular geometries as shown in the sketch of 1
1F1gure 2- 5( ). The d1mens1on in the beam (optical-axis) direction is |
'is. dendted by L. Th1s is.Timited E& smali- signé] gain—eoﬁs;derat1ons and |
‘the growth of paras1t1c modes. {Aqtyp1ca1brange of;: cav1ty;1engths wevw111*
’cons1der here tis 1 --1‘to Ser_j fﬁej;n1t1at1on height is Timited by- the"J

4

specific initiation” process fa. - For an e-beam-controlled d1scharge H 1s

Timited here to be approx1mate1y 1“mj! These dimensions of the laser :
lcav1ty are "flow-independent" and w111 be considered as fixed in our f]ow

|

. ) I |
The pulse repetition frequency (PRF) required for Taser fusion power

generation is yet to be determined. ,The widest range which can be con- '
sidered is 1-to-100 Hz, with the most likely range limited to 10-to-20 ﬁz.
Since this frequency is strongly .flow-system-dependent, we will leave it
as a variable parameter. There wi]]!obvious]y be other important considera
tions as well which will eventua]]y determ1ne the required pulse repet1

i

tion frequency. | . : :
_ ' | . !

The mass utilization per pulse Or "flush factor" C (the gas volume

which flows through the cavity per pulse divided by the active, 1as1ng,

)

The %ric-

]
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Table 2-4:

Summary of Pressure Drop Loss Coefficients.

Pressure Drop Source

Loss Coefficient

Approximate Range of Values

Heat Addition

Diffuser

Pressure Suppressors

Flow Turns

Flow Conditioning
Contraction
Screen
Honeycomb

Heat Exchangers

Boundary-Layer Friction

AT
K] = 1r91. (small M)
01
K3 = Constant
K2, K9

KT (one turn)

-~
|

= 0.32 Cf QC/H '

~
|

2 constant

KC3 = constant

-

K5, 7 = constant

0.1 -1

0.25 - 0.40
0.1 -5

01 - 1

703 0!
0.1 -2

0.2 - 0.3

O 0.5-2 -
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volume) has a minimum (by definition) of unity. Because of potential

mixing nonuniformity and the need for time (space) to suppress the initiation-
generated pressure waves, C > 1. If the initial overpressure is small

enough, it may be possible to achieve values for C that are close to unity;

a realistic goal for C is 1.5, however due tofthe‘ﬁedium homogeneity con-
straints we will utilize a conservative value of C = 2 which will allow more
time for acoustic quieting.

The flow velocity requirement can now be established. The volume
passed through - the cavity per pulse is C x W x H x-L and-the related gas
velocity must be

U=CWxPRF (36)

At a given PRF, U~ W. It is convenient to define a dimensionless PRF as
follows: ‘

—— W x PRF _ Acoustic Time. |
PRF = a " Pulse Interval (37)

where the acoustic time is defined as the time it takeé a sound wave to

. travel across the width of the cavity and the pulse interval is the time
elapsed between two consecutive pulses. We would like PRF << 1 since this
would allow for many transits of the acoustic waves in the cavity region
within a pulse interVd],'fhereby'promoting successive pressure suppression
with each bounce. If we hdw divide the velocity (36) by the acoustic
speed a, we obtain the Mach number ‘

M = C PRF (38)
Acoustic suppression will thus be facilitated when M << 1. Increasing
pressure drop with M also suggests that M << 1. These two reinforcing
Mach number constraints will lead to restrictions on the permissible
. values of W and PRF. '

| 2.1.1.4 Summary of F]ow:System Requirements

There are essentially two sets of requirements imposed on the flow
system of a fusion laser. One pertains to the required laser heam quality
and the related cavity media homogeneity. The desired focal spot size and

.- ‘228‘ ~



the focal 1éngth of the focusing optics, the laser wavelength, the cavity
dimensions and the laser media composition and pressure will determine

the level of cavity media homogeneity which must be maintained by the flow
system. These requirements dictate, e.g., that the lasing medium in the
cavity be completely exchanged between successive pulses and that acoustic
suppression and flow conditioning devices be employed in the flow system.

Another set of requirements is determined by flow efficiency consider-
ations. The flow efficiency (laser power divided by power required to

recirculate the gas) must be at least as good as,'ok somewhat better than,

the initiation or regeneration efficiencies. This requirement will dic-

‘tate Tow-pressure-drop designs for the flow system.

These general requirements (good media homogeneity and high flow
efficiency) are basically in conflict. The overall objective of the. flow
system studies can be viewed as an attempt at fihding the optimal trade-
off between these two requirements. '
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1laser was probab]y the forerunner of‘th1s class. of 1asers The deve]og

“|the flow direction and/or cross section In a sense, the orifice p]atq

-|are presented in F1gure 2-6. |

~ |vented duct design (Ref.|2-10),jor the porous side wall muffler design-
| (Ref. {2- 13) which do not 1nteract w1th the qu1escent mean flow but affect

- R

2.1.2 Pressure Wave Suppression in.Pulsed Lasers :
. | .
The subject of pressure wave suépression in pulsed lasers has rec%

ive
considerable attention following theldevelopment of repetitively pu]seq
high energy gas lasers. The atmospheric: pressure CO2 electric d1scharge

ment of acoust1c suppressors for pu]sed CO2 1asers has a fairly long h1sto
(see, e.g. Refs. . 2-7) ! S1m11ar,attempts were made to ana]yze ‘ '

A e d

pressure wave generat1on and. suppress1on phenomena in pulsed CO ]asersL(2 -8,2- 9[]
More. recent]y, several stud1es were performed aimed at developing_ pressure~

wave suppressors for repet1t1ve1y pu]sed DF and Krf lasers Kg—lg————l§j1

There is of course a vast body of now c]ass1ca] Titerature on acoust1c|
wave suppression in other flow systems Stud1es related to fan and Jeﬂ
engine no1se quieting are prom1nent examp]es We. w11] not attempt to l

III!I%’IITIII

review here this literature. ' It shou]d be noted, however, that this .

Titerature deals-mostly with suppress1on of Tower overpressureS(acoust1k
waves) than those generated in pulsed lasers and therefore are not a]ways
applicable to the pulsed laser pressdre suppression problem. L
f""ﬁ?éggafa'WéVé‘gapaﬁagzng‘wﬁfEﬁfé?é‘uEéa‘Th‘}abét5t1ve1y pulsed '1
lasers and in other s1m11ar flow systems can be d1v1ded into two generilc

|
types -- those which act on the meanlf]ow (which we w111 call "act1ve"|

absorbers), and those which do not (here referred to as pass1ve 'absorblersf).

| I

In the first class we include porous|f10w-through absorbers, dust or dropl

. . X |
Taden absorbing media (such as in Reﬁ. 2- 1]) and any abrupt changes 1n|

which is normally placed upstream of the cavity in repetitively pu]sed,
lasers, to separate the feed gas from any d1sturbances in the cavity, cbn

be considered as an- act1ve absorber. | Examples- of severa] active absorbers
I A

|
| ?
The second c]ass inc]udes,a11 side-wa1] absorbers, of either the :
|
|

the flow and pressure fields whenever pressure waves are generated. :
Typlcal examples are shown in F1gure:2 -7. There are, of course, variouf
combinations of these two generic classes. of absorbers Wedge or diamond-
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[shaped_porous_| mater1als 1nserted_1n_a_fjow duct affect the mean_flpw,_due

c_ [l |

BOTTOM OF PAGE S ' | BOTTOM
1 OF PAGE— | —

OF PAGE



! 2 b A e B b BB b B b Mo b 88 o 88
, : ! —
T : | —
i CUMENT NO, : DOCUMENT NQ.|
— PAGE NO. C [ L PAGE NO.| —_—
—iu ] ' —_—
_ } : —_—
—6u l ) : 6—
— 0O ' —_—
w | |
—uw 1 | -
= | | —
—— ‘ N —_
- ]; | , —_
— N - ' -
— ; - ] =
—_ d ! —
| IFLOW '
18 , / CAVITY 18-
_ - U i —
_ (a) POROUS ABSORBER —
-24 24—~
: T~ :
_ FLOW —= . CAVITY NN __
. NN .
_ | (b) ACOUSTIC VANES A
_36 FLOW : ™~ 36—
It —_— CAVITY
L (c) TAILORED CONTRACTION —_—
-42 4 42—
— FLOW \ _
_ . . CAVITY | —
48 ‘ | 48—

f—“l N (d) ACOUSTIC HORN WITH .

w NON-REFLECT!
543 | | L | ON-REFLECTIVE TERMINATION. 54—
e “ | —
_ Figure 2-6. Examples of A;ctive Absorbers., - T
_———8 ] PR
-60 60—

BOTTOM OF PAGE — ' — BOTTOM OF PAGE




‘4LLLQ¢.¢'

| |
|

o o
Clodebe 1]

oy !

4?

o
E Y

IF PAGE

60

- e )

HlllllllEﬂllIII!IIIHSI‘“J LLIJIJJ!IILALLJ_‘II‘ll1T|IIIIlFlllllllllllallllllﬁl
|
|
lQQQQMENTNQ. PN : ) _ DOCUWMEMT NO,|
PAGE NO. o ' PAGE NQ.! _

—_—— . . - - - - - - - - - -
]

- - - - - - ———— - - —_— 1,_-.-_

|
l

g o o
L]

. | .
(@) VENTED SIDE WALL ABSORBER

FLOW _
—— CAVITY’

FLow'
— CAVITY

"(6) POROUS SIDE WALL ABSORBER |

FLOW
—_ CAVITY

~(c) DIAMOND SHAPED POROUS ABSORBERS

Figure 2-7. Examples of Passive (a & b) and Combined Active/
Passive (c) Absorbers. o

- A -

- - t - ——

2-321 . -

e
- . F
= -

!TTOM OF PAGE - [—— BOTTON OF PAGE
1 . o

S
I\

30
36 -
42

8



'Hlllll[lil‘lzllllllLLlllzl4|Il[lllIl113|6|Illlllllll4lelllllllllllsjolIYIlllilI|I7Flllllllllllqﬁblllll'lll_lglslllll

|

|

'EDCISE OF

l

!
. | -
DQCUMENT NO. ‘ : DOCUMENT NO,
PAGE NO. . C ! L PAGE NO.
!
l

to the flow contractions which they 1ntroduce, and have a secondary

gl LT

important effect on the pressure waves .whenever these are generated
since these waves force the fluid 1nto the porous material and amplify
the absorption and attenuation proce%ses.

The pressure“Wavensuppressors déscribed briefly above all absorb

the pressure energy by v1scous damp1ng and by shedding of vorticity fro

‘ —
n

rigid or porous surfaces. Both act1ve and passive absorbers have the

—-
©

t
!
potential for ach1ev1ng the pressure'wave suppression. levels vequired :
i

for the different types of repet1t1ve1y pulsed lasers-developed to date

| (see Refs.{2-7, 2-10 —2-13).] | 3 ,

] i
The deve]opment of pressure wave suppressors for pulsed fusion lasers

|
can benefit greatly from the exper1ence gained in the past work on pulsed

laser suppressors. It should be noted however, that many pulsed Taser|
|pressure wave suppressors deve]oped to date have utilized choked or1f1ce

plates upstream of thezcavity, to pos1t1ve1y isolate the cavity feed gas

T EERTT

from the pressure d1sturbances in the cavity. This feed plate ref]ectﬁ

w
o

[
all pressure waves generated in the_ﬁav1ty and preserves the density |

e - — . e — o — ._.,____._._._._.._.___________.

homogeneity.of the feed gas. The feed gas is thus ready to be 1ntroduch

into the cavity when the préssure d1sturbances there have subsided . i

REENE

|
suff1c1ent1y A pressure wave absorber is placed in such lasers downstrea

of the cavity ‘and acts on both the pressure waves propagated ‘directly :

1
w
[22]

3

from the cavity and,those reflected’ from the feed plate. The role of the

BEEE

downstream absorber is thus essent1a11y to minimize any pressure wave 'I”
reflections into the cav1ty 100% ref]ect1on for the upstream feed p]ame

!
FLN
N

— and zero ref]ect1on for;the downstreAm absorber are the ideal design goa]s
- for. these two flow elements. : : ' ' !
— ’ |
. } In fusion-type lasers the requ1rement for a h1gh1y efficient f]owI
-48 | system with minimal pressure drops prec]udes the use of fully- ref]ect1ng
choked-orifice p]ates upstream of the cavity (except perhaps, for verw

—- ' high-energy- dens1ty lasers, such as the HF system). In such 1asers, low—

3

4#1 pressure-drop absorbers 'will have tolbe p]aced both upstream and downstrea
549

2

w
- of the cavity.' Pass1ve absorbers, w1th their inherently 1ow pressure drop
o : characteristics (for the.mean flow), 'w111 be the natural choice for the

- downstream absorber. The selection of an upstream -absorber is cons1derab1yn
' ' } _ !

- Lmore_complex. N i 1

_60 !
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. |
can be app11ed, assum1ng that the f]ow is quasi-steady. A re]ationship

to the requirements of high mass ut111zat1on (small C) and high flow

{efficiency (low Ap*), representsaa unique and tundamentally difficult

I

problem. -The difficulty arises from the fact that upstream absorpt1on .

I
[
|
|
{
must take p]ace in a region where the fresh cavity feed gas resides. :‘
This gas must retain a-high degree- oﬁ density uniformity before it is :

convected into the cavity. A11‘pres%ure wave SUppression processes aret

L. . ' . h I

basically high-loss and non- 1sentrop1c - They should not take place in ;.

a region where gas un1form1ty is of pr1mary concern. ' :

because of their non-isentropic. 1nteqact1on with the pressure waves. A

simple ca]cu]at1on can.be used to dewonstrate this’ point. Consider, fok ,
example, anyAf1ow~through.absorber such as is shown schematically in :
Figure[gzgalblf the pressure f]uctuations in front of this absorber are!

slow (relative to the'characteristic'f]ow times), a steady state -analysiis

bétween the pressure and density f]uctuat1ons inside the porous medium

d§(’ ' 4 . |
,The absorbing. med1a presents a res1stence to the 'gas f]ow character1zed’by
.

R e+

a‘force&"k“ per un1t volume. 'The momentum conservation equation is there-
. ‘ |

fore written as =

~
/

/. o du bl (p,u) ' (40)

_ f
' I
We will assume, for s1mp11c1ty, thatlno heat is exchanged between the fﬂow

/

and the absorbing med1a (adiabatic flow), and energy conservat1on therefor

i
prescribes : : !
l " . . )
|

, I
.o (41)

|
|
: DOCUMENT NO.|
PAGE NQ. C : | L ) _PAGE NO.|
- . I . ' |
l

The upstream pressure wave absorpt1on in a fusion-type 1aser, subJect-

" Active flow-through absorbers w111 not- be appropr1ate most probabﬂy, '

l
can. "bederived ~from ‘the generar one d1meﬁ§1bﬁa1 f]ﬁW"6""ervatﬁb”‘"q3atibﬁ
Continuity requires that } ‘ ¥

. ’ _ v|
I
d(pu) _ 0 (39)

D
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and

‘where

{Thus

.and .

which implies that the changes in gas properties inside the absorber
‘are neither isentropic nor isothermal.
.not apply to k = 0,
'is obtained.

1|:|r|'5‘l"!1!!
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Finally, the equation of state can be employed :
. : |
1dp _1do,1dT :
pdx o qx * T dx (fZ)
P 1
|Simp1e manipulations of these four equations leads to :
: )
| - |
dp _ {14 (y-1) M '
ax = K [ 7 | (43)
it -M . |
L |
. | ]
| L |
do _ 1 -k T
& jT (1M R )
S | T {2\ |
2 I2 / |
M~ =u /yRT /(y-1) E\/)L |
, | i
|
1do 1l (45)
PED e (1) WP :
N ml A
]_d_T= (Y']_) M 1dp (46).
Ta e ey we )P .

Note that Eqs. (45) and (46) do.

in which case the trivial, constant property solution
1 | :
|
I 3

Two important conclusions can be derived from this analysis: oo

(a)

5O TOL OF PAGE

Gas which is discharged from the absorber while the pressure

in the cavity is still fluctuating will have a density varia-
tion "imprinted" on it, corresponding to the cavity pressure
variations, according to Eq. (45). Even after these cavity
pressure fluctuations decay, and assuming that the gas which

js already in the cavity responds to this decay 1sentrop1ca]1y,
there will be a residual density variation in the cavity .
given by ' !

do _ 1 ZA_J_,QE (47)
e 1+ (y-1) M Y|P Co

i c3,
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:; -where x' refers to the w1dth of* the cavity, from x' = 0 to : o
i “sx'-=w, and t' refers to the time intérval during wh1ch the 13:
- . cavity‘was filled,* vary1ng fromt' =0 to-t' = W/u. This 1 - .
- form of density variation imprinted: on the 1ncom1ng gas is I~ L
— often- referred to as an "entropy wave : : —
_ . | ' | -
18 ‘ - (b) Gas wh1ch remains in the absorber after the: preSSure f]uctua-| 18-
- tions in the cavity have subsided is not in ‘a uniform state. o
- The spatial (x) property variations will.depend: on the spat1aﬂ _
- and ‘temporal form of the pressure fluctuations which existed | L
o in the -absorber while pressure waves were interacting with | e
- it. A more detailed ana]ys1s will be required to determine -
24 the-exact. variations in the gas propert1es left behind in thel 24—
_ , absorber. | : 24~
- | —_—
. : The above d1scuss1on indicates that an unchoked flow-through absorber .
— - may .not be acceptab]e as an upstream;absorber for any ‘pulsed laser. , —
:;g _ |Similar problems can be anticipated with passive absorbers, which inte : ;5:
— ; ~lact with the gas in the flow duct (and cavity) whenever the pressure T —
- fluctuates there.  Under the currentlprogram we have demonstrated (e. g:, :::
— % Section 3(3*/) that a vented duct absorber introduces disturbances 1nto: —
36 ¢ |the gas which would be -inadmissible for a high-beam-quality laser. More SE:
- ana]ys1s and experimentation is c]ear]y warranted for resolving this : —
::: upstream press%ge-wave suppress1on prob]em for fusion- -type lasers. There e _
— ,/f1siaﬂheeg_fgr innovative ideas and new techn1ques and devices.|” = - T C—
— o . , - L —
| /\’ LW\ no BeroL 8 | R
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i T S ' E T : i Sandbte
542 : . - I
e T *£' and x' are related. through t' = (W- )MU,lwhere U is the mean-gas —
- ve]oc1ty and W/U is the cavity fill ti m o " | —
— " | —
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2.1.3 Other Salient Problems of Fusion Laser Flow Systems

In this section we will identify and review some additional flow
problems (other than pressure-wave suppression) which are relevant to the
design of fusion laser flow systems. We will also attempt to grade these
problems according to the level of technical effort which will be required
to resolve them. The results of this exercise are presented in Table 2-5.

Temperature Uniformity -

The need to maintain a temperature uniformity of the order of a

few tenths or a few hundreths of a degree Kelvin in a large flow system
-represents a formidable task. It must be done within the allowable pres-
sure drop constraints, imposed by the overall £1ow (and system) efficiency
requirements. The outer environment of the flow system will require a
close thermal control. Because of the temperature cycling which the gas
undergoes, due to successive initiation and cooling, and its complex flow
pattern, additional thermal conditioning stations may be required in the
flow loop. If the tempefature conditioning is performed with a combina-
‘tion of stream-wise heat exchangers and wall heat transfer (heating or
cooling), a pressure drop penalty must be paid. Hence, the difficulty

of achieving the required temperature uniformity depends to a large
extent on the pressure drop "allocated" to suppress the (initfation)
pressure waves. Since thermal conditioning also involves pressure drops
(1ike flow and acoustic conditioning), it should be easier to achieve the
desired temperature uniformity in Tow repetition rate and low Mach number
lasers.

Interface and Flow Stability

Shortly after the initiation process in the laser cavity, there
~exists an interface with a temperature jump between the cold gas and the’
initiated (hot) gas. When this interface is accelerated by either the
upstream- or the downstream-traveling. shock wave, a Rayleigh-Taylor-type

of instability can develop at the interface. Such an instability has been -

observed in combustion phenomena as well as in C02-e1ectric discharge
laser cavities. The instability will probably occur in all repetitively
pulsed lasers with shock waves of sufficient strength. There are several

/»:
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problems associated with this instability: (a) it can cause a flow-reversal
and thereby require larger flush factors, C; (b) it can generate flow
nonuniformities ahd_thereby degrade the beam; and (c) it can contribute

to the generation of three—diménsiona] pressure waves, due to reflections
from the curved . interface. It is not clear at present how serious a

- problem this is. It will clearly require further analysis and experimenta-
tion. '

Large-Scale Vorticity

In a closed-loop fusion laser flow system, large-scale vortices
will be produced predominantly by the compressor (or fan) that drives the
flow. Secondary sources of large-scale vorticity are the 90° bends in
the flow loop. Flow conditioning devices such as screens, honeycombs,
baffles, etc., can be employed to reduce the vorticity and smooth the
flow. However, such devices will impose additional pressure drops on the
flow system. ‘

Boundary-Layer Separation

Unsteady boundary-layer separation is a potential problem in any
closed-cycle laser. If it occurs, there is a possibility of large-scale .
random disturbances being fed into the laser cavity as the flow is convected
around the flow loop. Separation can be avoided by distributing the momen-
tum within the boundary layer more uniformly. This can be achieved by

vortex generators-whjch inject Tow momentum fluid from the bottom of the
.boundary layer info the outer part of thc_bbundary layer and vice versa.
It can likewise be achieved with active boundary-layer control techniques.
Any boundary layer control technique employed will incur a flow power
penalty and reduce the flow efficiency.

Unsteady Flow Phenomena

The appearance of alternate slugs of hot/cold gas in the flow loop
and the repetitive nature'of flow suggests that there is a possibility of
periodic (large-scale) disturbances (thermal or vorticé1) propagating
around the circuit. It may be necessary to design special elements of
the flow system to eliminate these potential flow instabilities.

2-a0.
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Turbulence Velocity Fluctuations

This could become a very difficult problem for flow systems with
M > 0.1. If the flow Mach number becomes too large, then the required
turbulence levels become very small (5 10'3) and hard to achieve. A number
of turbulence control elements (e.g., screens) will have to be employed
and a substantial pressure drop will be incurred. This problem too becomes

much easier for low Mach number flow systems.
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2.2 FLOW SYSTEMS FOR CO2 LASERS

2.2.1 Summary of the Relevant Laser Properties

As shown in the previous section (2.1), the laser properties which
will affect the flow system design and performance are:

the Taser gas mixture, pressure and temperature

the cavity shape and dimensions

the laser energy éxtracted per pulse

(a)
(b)
(c) the initiation energy deposited in the cavity per pulse
(d)
(e) the pulse repetition frequency (PRF)

(f)

the laser wavelength.

In the present study we have considered two CO2 laser modules. The
first is based on the demonstrated performance of a currently operating
CO2 laser; i.e., the HELIOS laser at LASL. The second is based on a
hypothetical upgrade of the existing laser modules which could increase
the total energy extracted per pulse by a factor of 10. The upgrade is
essentially conservative, but would still require substantial technical

development.

The flow-system-related properties of a demonstrated CO laser module P
are presented in Table 2-6 (Ref. 2-14). This module operates with an E-
beam sustained electric discharge. A 300 kV (peak), 1 A/cm E-beam, .
with a pu1Je duration of 5 usec is used. A DC field of 200 kV, with
8 A/cm i§ applied for 3 usec during the E-beam pulse. The combined
energy deposition density fs thus 250 J/]iter»(or about 100 J/lit-atm),
average. The sma11¥signé1—gain of this device is 0.3%/cm and spontaneous
emission is controlled by a bleachable absorber, placed at one end of
the cavity, with an absorpt1on thickness of af = 9. The extracted energy .
fluence is 0.8 J/cm » well within the damage threshold Timit of the NaCe v
windows used. '

The multi-Tline saturation fluence for the gas mixturenand pressure
listed in Table 2-6 is about 0.3 J/cmz. The maximum extractable energy is
thus

2-42.



lLLl[lll‘lzlllllIllll#IIlllllllllqalllll![lllllIHlllULllllllllllllll7F|Illlllllllqﬂ[[lllllullsll

LTI

Ll

sl IR sl TS
[e2] (=] B e [3S]

REEN

Py

BERRE-

It
@

[
_|OOCUMENTNO. | ]
_ C ! L DOCUMENT NO
PAGE NO, ! PAGE NO.
- !
=256 ; .
w | |
o Table |2-6. ﬁF]ow Related Propert1es of a Demonstrated !
3 CO2 Laser Module (The HELIOS System, at !
: TCR R ,
| I
[ |
1
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|
Gas Mixture | He/N,/C0p = 3/0.25/1 '
. ’ i
Gas Pressure : 1800 Torr :
|Gas Temperature : Room Temperature .
' !
Cavity Volume l 245 Liters I
i |
Optical Length, L 1 200 cm
. : i
Initiation Height, H |35 cm !
|
Flow Width, W : 35 cm :
Deposited Energy Density | 100 Joule/Tit-atm :
I
No. of Amplified Pulses I 1 Pulse per Initiation :
. P T T T T T T e e e e e =
e Extracted Energy Density ; 1.66 Joule/Tit-atm |
: |
Pulse Repetition Frequency, PRF : Single Shot !
‘ : |
[
Laser Wayelength t 10.6 u ;
) |
Total Energy Extracted : 1 K Joule |
' I
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' ' b I
I |
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| |
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| |
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S = (Eex - Eih) = g, Jg Joule/liter (or 3.8 joule/lit-atm)
where 9% is the small signal-gain and J the saturation fluence. The
extract1on efficiency of this system is therefore Nax = 1.66/3.8 = 44%.

‘,/:I
N2

The prOJected properties of a 10 kJ CO2 1aser.modu1e are presented in /{”%

Table 2-7. The scale-up is based on a nearly 40% increase in the gas

pressure (to 2500 Torr) and a similar increase in the cavity height and
| width, as compared to the demonstrated system. The optical length, L, is
left unchanged so that amb]ified‘spontaneous emission (ASE) can be con-
trolled. It is assumed that .the E-beam and discharge voltages will be
made proportional to the product of initiation height-and gas pressure,
so that optimal E/N values will be maintained. The E-beam and discharge
current densities are assumed to remain the same as' in the HELIOS system.
The energy deposition density will thus remain essentially unchanged too,
at 100 J/1it-atm. The gas m1xture will be most likely a pure N /CO
mixture, at a ratio of 0.25/1, ‘which should produce a higher 1aser
efficiency. The specific effects of this gas mixture on the initiation
requirements are not considered here. The small signal gain under these
conditions should be 90_5,0.4%/cm and the saturation flux Js = 0.4 J/cmz.
The extractable energy per pass should thus be 16 J/1iter. Assuming no
' ox = 44%), about 7 J/1iter (or
2 J/1it-atm) should be extracted from this laser cavity per pulse. We
assume .finally: that a'multi-pulse power extraction scheme will be used in
this laser (see e.g., Refs. 2-15 and 2-19), with fhree'successive pulses

change in the extraction efficiency (n

going through ‘the laser cavity, at 0.5 usec intervals, and nearly 7 J/1iter
‘extracted by each pulse. The total energy extracted will thus be 20 J/liter
(or 6 J/1it-atm), with an initiation efficiency of about 6%. If more

than three to four pulses are passed through the'ampiifying medium, the
energy extracted per pulse diminishes significantly compared to the first
pulse.

The E-beams, PFN's and power supplies required for th1s scaled up CO
laser are within the current state of the art. Multipulse amp11f1cat1on
is, however, a new concept which requires experimental verification and

Lechnoloyical development. The tincreased cavity cross section will

2-44)
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require correspondingly larger salt windows which must also withstand

a 40% increase in pressure. No such windows areAcurrent1y manufactured

and this too may require a substantial technological development. Aero-
dynamic windows should be considered as a possible replacement for salt

windows, particularly for repetitively pulsed laser operation.



allowable BQ = 1.57. The required beam quality range is thus bounded by

Kl
2.2.2 Beam Quality Requirements

COZ fusion laser beams at A = 10.6 um are required to have a good BQ
due to their relatively long wavelength. This statement is made for a
situation where the focal length of the "last mirror" is 15 m and the
laser aperture is 0.5 m (largest envisioned initiation dimension). A 15 m
safety distance has been used in previous system studies, and the 1/2 m
dimension is based upon a modest increase of the 35 cm initiation dimension
used in the HELIOS Laser System. Equation (1) then implies that the
focussable spot size is related to the beam quality by

d(mm) = 0.636 BQ | (49)

This relationship implies that the smallest spot size which can be obtained
(BQ = 1) is 0.636 mm; it also implies for a spot size of 1 mm the maximum

.
1 < BQ < 1.57. For this range of BQ the permissible phase aberrations are
small and the exponential expression can be used for estimating the réqUired'
media homogeneity.

e ’ < ' ‘.

Equations (1) and (4) were used to compute the required medium]

w/homogeneity of an advancedwCO2 1aser'(Tab1e 2-7). The results are shown

in Figure 2-9. The maximum spot size boundary reveals that the medium
homogeneity must be better than 6.4 x 10_4. Note that for a near-perfect
beam (BQ A 1.01), the medium homogeneity has to be about an order of
magnitude better than that corresponding to BQ = 1.57, even though the

focussed spot size is only 1/3 smaller.

The requirements on the random density disturbances are calculated

from Equations'(Sa)Aénd'(Sb). These requirements can be written as -

T
o R 0o, 1/2 /2 _
g@v Sb ((%%>rms < Gf]l)rmé» . DL (50) =

when the turbulence scale A > D, and

ég}R ) ég_o L.]/Z
(p]}) - p]) A
rms '

-7 rms

3 I
ra
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when A < D. Superscripts "R" and "0" stand for random and ordered varia-

tions, respectively. (Ap/p])0 represents the ordered disturbances as

discussed in the preceding pa:ggraph and presénted in Figure 2-9. =
The cavity geometry selected in Section 2.2.1 above has an optical

length of L = 2m andAén fnitiation-aperture dimension D & H = 0.5m. Thus

we can determine the dependehce of the allowable random (Ap/p])smS versus

~ the inhomogeneity scale size, A. This is shown in Figure 2-10. Since we

‘expect A to be relatively small compared to the -aperture dimension, the

~ random (Ap/p])f:mS can be at least an order of magnitude (or two) larger

than the_Zrdered (Ap/p])gmé. Henﬁe; for the 1-Tg spot size (Ap/p])emS <

6.4 x 10 " and the random (Ap/p])rmS £6.4x 10 .
The pressure and température uniformity requirements and their relation- ]

ship to the ihitfation,overpressure‘are shown-inAFigure 2-11. The CO2 laser © 7

gas mixture of interest for the advanced system is C02':N2 = 4:1, with a

vy = 1.30. For an energy deposition of 100 J/Tit-atm at an initial tempera-

ture of Ty = 300°K, we compute from (13), (Ap/pl)init = (AT/Tl)init = 0.27.

The initial overpressure must thus be reduced by a factor of 325 if a

- focal spot size of 1 mm is to be-achieved.

The requirements on the velocity uniformity are presented in Figure i
2-12. Au representé“the ordered velocity fluctuations and u' the random,
small-scale (turbulent) velocity fluctuations. U is the mean velocity. A
range of Mach numbers, from Mi¥ 0.03 to M = 0.30, is considered. The
ve]ocity uniformity required to obtain a focal spot size of d = 1 mm is
within the realm of conventional wind tunnel technology, for the range of
Mach numbers considered here. For M = 0.3 or larger, the f]bw uniformity
must be carefully controlled. Similar requirements have been met in the
" past in Tow noise and ‘low turbulence wind tunnels (see, e.g., Reference 2-5).
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2.2.3 Average Flow Requirements; Mach Number

The average (mean) flow vélocity U depends on two other flow system
parameters, W and PRF, as indicated by Equation (36). Division by the
speed of sound provides the Mach number. The speed of sound for the 4:1
gas mixture with a molecular weight of 40.8 at T] = 300°K is 282 m/sec. ;
Figure 2-13 shows the variation of the required mean velocity and Mach
number, as a function of the cavity width, W, and the PRF, for a CO2 laser.
The range of W shown is probably the largest range one would want to
consider, with the 0.5 m flow dimension giving a square cavity aperture
and 5 m dimension yielding a slender flow channel with aspect ratio of 10.
The PRF range indicated is also rather wide, but consistent with repeti-
tion rates considered for fusion lasers. '

4

2.2.4 Flow Efficiency Requirements

The general discussion of flow efficiency in Section 2.1.1.2 is here‘
made speéific to the C02'system. In particular, Figure 2-3 is utilized
to indicate a more limited range of efficiency parameters. The relation-
“ship between overall laser efficiency and the initiation -and flow
efficiencies is shown again in Figure 2-14. Three boundary lines have been kY
drawn. The minimum required overall C02'1aser system efficiency is assumed
to be 5% (see Ref. 2-19). This immediately establishes a minimum initiation
efficiency (5%). The max imum or "Timiting" initiation efficiency has not
been established analytically or experimentally. Long pulse (20 usec)
efficiencies of 30% have been quoted for‘C'O2 lasers. Twenty percent is

the upper limit ever suggested for short pulse CO2 1asers.(2—]9) With /,,7;7
R g - ‘e =

np < 20%, the minimum flow efficiency is(6.7%. Note how critically thei T
minimum flow efficiency depends upon the (e]ectrical) initiation efficiency. !fii;é%gg
The flow system will have much stricter requirements (allowable pressure

drop) if the initiation efficiency does not significantly exceed 5%.

The flow efficiency range of 10-20% (indicated) is both realistic and

achievable as described further below.

We recall that the flow efficiency is inversely-proportiOnal to the
overall flow-system pressure drop, as shown in Figure 2-4. -The above 7
comments relating to flow efficiency can help to bound the allowable
pressure drop for the CO, laser system. This is shown in Figure 2-15. ¥
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" The minimum flow efficiency of 6.7% is shown. The extracted energy den-
sity will determine the permissible pressure drop; thé LASL HELIOS laser
has demonstrated 1.66 J/1it-atm énd we have projected a 6 J/lit-atm for
an advanced high gain system. These S - hext lines are shown dashed in
Figure 2715. “We have also added the realistic ng range of 10-20% and
indicated the C02 operating regime. For the projected extraction energy
density of 6 J/1it-atm, the allowable pressure drop Ap*/p5 varies between
0.237 at g = 0.10, .to 0.119 at ng = 0.20. These values point to the need
for meeting all the flow and beam quality requirements at the smallest
Ap*/p5 possible. Note that a conventional 1ow-spe¢d wind tunnel with a
test section velocity of 100 mph can operate with a pressure drop of
approximately 4 x 10_3, or about a factor of 50 or so smaller than the
allowable numbers quoted here. Hence the flow system for the fusion laser
has "excess" pressure drop available, which can be utilized for pressure
suppression at the réquﬁred (PRF)_] and other flow conditioning require-
ments. Quantitative eétimates for the various contributions to the overall
pressure drop in a C02-system are presented in the next subsection.

l2-57



2.2.5 Estimation of Flow-Loop Pressure Drop

The rather general pressure drop relationships described in Section

2.1.1.2 are now made specific to the CO2 laser system. We again consider .

the contributions listed in Table 2-3.

Cavity Heat Addition

The relatively small allowable pressure drop for fusion -lasers will
necessitate the use of relatively small flow Mach numbers (5 0.3). This
implies that the previously derived expression for cavity heat dddition
pressure drop can be significant]y simplified since M2 (< 0.1) appears
frequently in (27) and (29). To first order, K] = M%/M% -1, and also

T01/T01 = M%/M% - 1. Hence, we obtain for Equation (28)

g VE AT, \
B} S N I ) . (52)
Por “Po2 T T2\ T/

and the pressure drop resulting from heat addition (Apf = po] - p02)

I/AT AT '
ot (T2 o (52,

For the advanced CO2 1aser system,’the net energy deposition density is
AQ - S° Next = 94 J/lit-atm. The other parameters needed to define
LATO]/TQl\are py = 5.45 gn/lit, (at py = 3.29 atm), Cp = 0.87 J/gm-°K,
and TO] = 300°K. The result is AT01/T01 = 0.217. The resultant contri-
butions to the pressure drop are tabulated in Table 2-8, with the cavity

“is given by

Mach number M as the parameter. We use the range 0.03 to 0.3. The cal-
culated pressure drops for cavity heat addition range from 0.317 Torr to
31.7 Torr.

Subsonic Diffuser

The loss coefficient for the subsonic diffuser has a range .

0.25 § K3

drop estimations. The resulting contributions to the pressure drop are
shown in Tab1e 2- 8 This range of pressure drop varies from 0.438 Torr to

43.9 Torr I
22-58§

X 0.40. We use an intermediate value of K3 = 0.30 in our pressure

7 tmasmrss
e

ot T i 22T
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Table 2-8. Pressure Drop Contributions for, a. CO System at 2500 Torr | Nomlnal
i Cavity Pressure.- (Tabulated Va]ues are in Torr). .
T T s —
I\ .
M=10.03 ! 0.1 0.3
Cavity Heat Addition Ap? 0.317 3.53 31.71
Subsonic Diffuser Ap§ 0.439 . 4.88 43.9
Pressure Suppressors Ap§ + Ap§ Ap§ + Ap§ Ap§ + Apg Ap§ + Ap§
Flow Turns Ap? 0.878 9.75 87.8
Flow Conditioning Apé] 0.0051 0.052 0.234
_ - - ———
Apéz 2.93 . 32.5 292.5
*
Apc3 0.366 4.06 36.6
Heat Exchangers 'iApgg 1.649 18.31 164.9
Ap% 0.729 8.10 72.9
Boundary—Layer-Friction_ ApE ' 0.0642 0.65 6 42 .
Totals (Exc]ud1ng Apg + Apg) 7.38 Torr 81.8 Torr 737.0 Torr
. : ‘ -1
[P/, (Excluding aP3 + AP§) for the 2.95 x 1073 3.27 x 1072 2.35 x 10

Advanced 0, Laser (P] 2500 Torr)

g
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sors .are not predetermined. Their perm1ss1b1e values will be shown in

{of about K. = 0.15. Since there are four corners in, the flow system, the
-ltotal loss coefficient is 4KT = 0.6OJ The resu]tihg pressure drop contfi-

'that a carefully contoured contract1on section could be designed with a!’

¥ —

Pressure Suppressors

——— e | e e e o

The pressure drops of -the downstream (Ap ) and upstream (Apg) supp

T
|
|
!
re
I
|
Section 2.2.6. :
' ‘ |
I
l

- ———— —

Flow Turns
Well- des1gned f]ow corners with turn1ng vanes have 10ss coeff1c1ents
T

butions are given in- Table 2-8 and tﬁeir range is from 0.878 Torr to |

87.8 Torr.

I
‘ |
Flow Conditioning :

A reasonable length for the congract1on section is about 5H. Notel

!

1ength zc N H; however, such a rapid contract1on could produce excess1ve
flow nonuniformities. If we ut111ze'2 /H 5 and a turbulent skin fric;
o GoeFTcTent; T, = 008 T /%] i obtaii valids ot K o = 0200367 17"
0.0026, 0.0012 at M = 0.03, 0.1, 0.3,

pé] can be calculated (Table 2-8).. fhese contributions are generally

respectively. Hence the values of
_ |
negligible. - | ;
! ,
The screen loss coefficient waé{chosen to be 1. If we employ two :
'such screens upstream of the laser cavity, the pressure drop contributibns
are as shown in Table 2-8. The range of Apcz varies fram 2.92 to 292, R'
Torr. We shall assume there is one honeycomb with K 3 = 0.25 and the

|
i
contributions are listed in Table 2- 8 . :
{
Heat Exchangers S : :
|

|
The cav1ty heat add1t1on increases the stagnation temperature from'

304.5°K to 369.6°K at M = 0.3, from 300 5°K to 365.7°K at. M =0. ],'and
from 300.0°K to 365.1°K at M = 0.03. | Hence, with a coolant temperature
T. of 250°K, K5 = 1.13 (nearly indepéndent of M). The contributions

5
to Apg are as shown in Table 2-8.

.
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In the preceding section we have observed that the allowable Ap*/p5
for the CO fusion laser system is Timited to be at most & 0.24. For
, (y-1) p*
this va]ue the compressor will heat the laser gas by about (1 + > )
IO] or 16.6 °K. Hence, using a coolant temperature of T (P 250°K w1tE
316.6 °K results in K7 0.498, with the contr1but1ons to Ap; as

To6 =
shown inATable 2-8.

4Boundary-Layer Friction

4 The frictiona]ITosses-depend on the "length" of the flow circuit
re]ative to the cross settion of the flow ducts. Even if we utilize a

value of 20 for Q/D ‘due to the high Reynolds number of the flow the

'fr1ct1ona1 effects w111 be quite sma]], as indicated in Table 2-8.
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the Acoustic Absorbers

2.2.6 Permissible Pressure Drops for i
. l

The total pressure drop for the entire flow Toop excluding the pres-

i

|

We can obtain the permissible pressure drop for the acoustic absorbers |

sure suppressor contributions are giﬁen at the bottom of Table 2-8.

considerations (Section 2.2.4). If we focus on the indicated CO2 system
operating range shown on Figure 2- 15' we observe that for the prOJected,
6 J/1it-atm extracted energy density the largest allowable Ap*/p5 is 0. 237
(at N = ]0%) I
its value is the laser cavity pressure : (= 2500 Torr) minus the 1osses
encountered up to the compressor stat1on From Table 2-8 we find (approxi
mately) that pg = 2497 Torr at M = 0.03, py = 2469 Torr at M = 0.1, and,
P = 2214 at M = 0.3. Consequently the allowable pressure drops for the

ent1re system are given in Table 2- 9 :

The permissible.pressure drops for the acoust1c absorbers are obta1ned

The pressure P is the pressure entering the compressor,
1

by subtracting thé total (excluding absorbers) pressure drop of Table 2 8
from the total allowable Ap* of the ent1re system. The results are qu1te.
First of all,
meet the requirements independent of:the acoustic .absorber pressure drops.
0.03 and 0.1

are reasonable and offer enough room ‘for sat1sfy1ng the beam quality and
!

[revea11ng the 1osses'at M=

The pressure drops allowed for the acoust1c absorbers-at M =

flow uniformity requ1rements i
|

2.2.7 Pre]iminary~Conceptua1 Flow SJstem Design and Evaluation

In the preceding. section, we conc]uded that the Mach number for th
Values of M = 0.1
and 0.03 were acceptable since therelappeared to be enough of a per-
Utilizing this

|
|
|
|
|
|
e
CO2 fusion Taser flow system must be']ess than 0.3. :

missible pressure drop for the acoust1c suppression.
information, we+propose here two spec1f1c flow systems that have signifi

cantly different geometries. }

I
I
!
5
i
|
! |

We first look at Figure 2-13 anq observe that for our range of :
W~ 0.5mto 5 m, the allowable pu]se repetition frequenc1es can be anyL
where from 5 Hz to 50 Hz if the max1mum allowable M N 0.2, If we cop-

sider a large W cavity (3m) at M = 0'21 as one of our cases, then PRF =l

BOTTOM OF PAGE _6

: ]
-10-Hz_(with-our—typical_fﬂush_factorJC_=_2).n.For.this_case,“the total-flow
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once we know the overall allowable p#essure drop based upon system eff1c1ency Z

0.3 are so large that one cannot
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(Tabulated Values are in Torr) i
& i
ot Lok |
: M = 0.03 0.1 0.3
) Total Allowable Ap* ] 591.8 585.2 524.7 )
' |
Total Excluding Acoustic Absorbers | 7.4 81.8 737.0
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Toop size becomes rather Targe as shown in Figure 2-16 (drawn to sca]é). Q

The overall size of the entire flow loop is roUgh]y 9mx 21 m.

This laser amplifier module could produce 60 kJ of energy per pulse,
assuming an advanced C02‘1aser design (Table 2-7). Due to the relatively
high Mach number (from the pressure loss point of view), the flow system
must be very carefully designed.  Pressure must be conserved along the
flow loop. The diffuser must be long and with a shallow opening angle.

The flow turns must be carefully designed and the upstream flow conditioning
will require careful contouring and several screens. Note that most of

the flow loop cross section is five times larger in flow area than the

laser cavity cross séction, because this reduces the average flow Ve]ocity
and minimizes the pressure losses. '

Let us consider next a substantially smaller laser module and flow
system. We return to Figure 2-13 and propose a system with a square
(Hx W=0.5mx 0.5 m) laser aperture. At W = 0.5 m, the range of pulse
repetition frequencies (5 Hz to 50 Hz) implies M~ 0.018 to 0.18. If we
again select PRF = 10 Hz, then M = 0.035. At this low Mach number the
flow-1oop losses are very small and we do not have to be very fancy in -
designing the f]oW-Toop. We must still be careful in utilizing screens
~and other flow conditioners upstream of the cavity. The conceptual design
" is shown in Fgiure 2-17 (drawn to scale). We now have a constant area
duct with a mean velocity of 10 m/sec in the entire laser flow system.
The overall size of the flow loop (5mx 3 m) is substantially smaller
than for the large flow loop design (Figure 2-16). There is a factor of
12.6 reduction in the projected area of the entire 'system and it is only
six times smaller in energy output per pulse.

Thé'cost of the flow system will be roughly proportional to its volume.
There will therefore be an incentive to decrease the flow loop volume
required to generate a uhit'of extractable energy.A In this sense the
smaller (10 kJ) system is more cost-effective than the larger (60 kdJ)
system. - In the smaller system (Figure 2-17), the flow loop volume is
roughly 20 times larger than the cavity voTuhe, whereas in the larger
.system (Figure 2-16) the flow loop volume is nearly 70 times larger than

the cavity volume.
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Furthermore, the smaller module can be operated at lTower Mach numbers,

- the pressure losses should be lower and it should also be easier to achieve
the required media homogeneity conditions. It thus appears that flow-
system considerations will drive the 002 laser power amplifier designitoWard
moderately-sized modules -- of the order of 10-to-20 kJ, rather than

. 50-t0-100 kJ per module.
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2.3 FLOW SYSTEMS FOR KrF LASERS

2.3.1 Summary of the Relevant Laser Properties

The KrF laser has no "storage" capability and therefore it cannot
produce the 1 to 10 nsec pulses which will be required for ICF. Multi-
pulse amplification (in the form of angular optical multiplexing) and
Raman pulse compression have been proposed as-possible techniques for
extracting short, intense pylses from the KrF medium (see Refs. 2-16 and
* 2-17). Neither one of these techniques was demonstrated to date on a '
large scale (namely, 1 kJ or larger).

It is therefore difficult at present to define a set of properties
and operating conditions (suéh as listed in Section 2.2.1) for a short
pulse laser system based on. KrF. We nevertheless proceed and define three
hypothetical laser drivers, based on KrF, so that a preliminary evaluation
can be made of the flow system requirements of such drivers. 4

The first system to be considered here is based on using optical
multiplexing alone as a means of obtaining short pulses from KrF. The
final KrF amplifier is assumed to be pumped by an E-beam and to generate
an excited gain media for 100 nsec. Ten consecutive 10-nsec pulses can
then be sent through this amp11f1er at slightly different angles, and
combined (or stacked) after ex1t1ng the . amp11f1er 1nto ~one high- 1ntens1ty -

RO T T

beam.

Typical projected properties and operating conditions of such a laser
are listed in Table 2-10, based on References 2-17 and 2-18. Only those
properties which will affect the flow system design and performance are
considered here. The justification for selecting this set of parameters
can be found in the references cited.
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Table 2-10. Projected Properties of a KrF Amplifier

Gas Mixture Ar/Kr/F2 = 0.937/0.060/0.003
Gas Pressure 1 Atm ‘
Gas Temperature Room temperature
Cavity Volume 250 liters (or TBD)
Optical Length, L. 100 cm v
Initiation Height, H 50 cm
Flow Width, W 50 cm (or TBD)

Deposited Energy Density 100 Joule/lit-atm
Extracted Energy Density 10 Joule/lit-atm

Pulse Repetition
Frequency, PRF TBD
Laser Wavelength 0.249 um
Total Energy Extracted 2.5 kJ (or TBD)

Initiation Efficiency 10%

The operation of a KrF amplifier under the conditions listed in Table
2-10 will require an E-beam of about 500 kV, generating 100,A/cm2 for
100 nsec. The saturation fluence under these conditions will be
Js = 0.1 jou]e/cmz, with a small signal gain of 9y = 20%/cm and a non-
saturable absorption coefficient of about o = 1%/cm. The maximum extractable
energy density will approach 20 joule/1it. An extraction efficiency of
50% is assumed, yielding an extracted energy density of 10 joule/1it and a
fluence of 1 jou]e/cmz, well within the range of permissible power loadings

for UV windows, such as quartz.

We consider next a system which uses a combination of angular multi-
plexing and Raman pulse compression. To specify the properties of such a
system, as a basis for our flow studies, we assume that three 33-nsec
pulses will be passed through a KrF amplifier, such as described in Table
2-10, and then stacked before entering the Raman cell. The Raman cell,
filled with methane, is assumed to produce an additional compression by
a factor of five to six. ’

We will first consider a low pressure (1 atm) CH4-fi]1ed Raman cell
(see, e.g., Ref. 2-17). The saturation fluence of the CHq cell at 1 atm
is estimated to be 2 joule/cmz. An 1hput of 10 jou]es/cm2 KrF Tlaser pu]se
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will be required to obtain reasonably high (say, 50%) conversion to a
compressed backward Stokes pulse. Ten KrF laser amplifiers, with an out-
put fluence of 1 jou1e/cm2, will be-requfred for one Raman cell, if the
cross section of the Raman cell is made equal to that of the KrF amplifiers.
The length of the Raman cell is set at 5 meters, so that the beam propa-
gation time through the cell is equal to half the multiplexed KrF pulse
time. ' '

It is further assumed that a Stokes input beam of 1 jou]e/cm2 fluence
will be used and that the Stokes output (with 50% conversion efficiency)
will thus be 6 jouTe/cng

The methane cell is irradiated by the KrF lasers with a deposited
energy density of 20 joule/liter. 10 joule/Titer will-be converted into
a backward Stokes pulse and can be considered as the cell's extracted
energy density. - Because of ‘the difference between the Stokes and KrF
wavelengths (268 vs. 249 nm), 0.7 joule/1it of the converted 10 joule/1it
will be deposited in the Raman cell as sensible heat. )

The flow-related properties of this Raman cell are summarized in
Table 2-11.

One window of the 1-atm Raman cell will be subject to a fluence of
16 jou]e/cmz. This {s .clearly -beyond what present state-of-the-art solid
UV windows would allow. One would have to consider the application of
aerodynamic windows to a 1-atm Raman cell. An alternative is to operate
the Raman cell at a considerably higher pressure, which would reduce its
saturation fluence and correspondingly reduce the required KrF input
fluence and the cenverted Stokes fluence. Pkoperties of a 5-atm CH4 cell
are presented in Table 2-12, as an example. In this case, only two KrF
amplifiers, of the type described in Table 2-10, will be required to feed
ane Raman cell. The fluence through the cell window will be only 3.2
jou]e/cmz, The energy density which can now be extracted from the cell
is however, significantly reduced, as shown in Table 2-12. Designing
an efficient flow system for a high-pressure Methane cell could therefore
be considerably more difficult.
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Table 2-11.

Flow-Related Properties of a

1-Atm Raman Cell

Gas Medium

Gas Pressure
Gas Temperature
Cavity Volume

Length, L
Height, H
Width, W

Deposited Energy Density

(as heat)

Extracted Energy Density-

Pulse Repetition
Frequency, PRF

Laser Wavelength
Total Energy Extracted
Combined Initiation

Efficiency (KrF+Raman)

CH4

1 atm

Room Temperature
1250 1iters (or TBD)
500 cm

50 cm :

50 cm (or TBD)

0.7 joule/lit-atm
10 joule/lit-atm
TBD

0.268 um
12.5 kjoule (or TBD)

5%

Table 2-12. Flow-Related Properties of a
5-Atm Raman Cell

Gas Medium

Gas Pressure
Gas Temperature
Cavity Volume

Length, L
Height, H.
Width, W

Deposited Energy Density

(as heat)

Extracted Energy Density

Pulse Repetition
Frequency (PRF)

Laser Wavelength
Total Energy Extracted
Combined Initiation

Efficiency (KrF+Raman)

C-H4

5 Atm

Room Temperature
1250 liters (or TBD)
500 cm

50 cm

50 cm
0.15 joule/Tit-atm
2 joule/lit-atm
TBD

0.268 um
2.5 kjoule

5%
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2.3.2 Beam Quality and Media Homogeneity Requirements

If a KrF Tlaser is to be used in conjunction with a Raman pulse com-
pressor, the KrF laser beam does not have to be of high quality, since

(2-18) Only its lengthwise integrated

it is not aimed at the target.
intensity distribution across the Raman cell must be fairly uniform,
'so that a sufficiently uniform backward Stokes beam can be extracted

from the Raman cell and focused on the target.

We must, however, consider also the possibility of using a KrF}jg;gr¥/
with angular multiplexing alone, and without the Raman compressor. In
that case the beam extracted from the KrF laser must be of sufficiently
high quality, so that it can be focused directly on the target. We will
therefore consider here, separately, the.beam quality requirements for
the KrF amplifier and Raman cell, assuming that each of them has to pro-
duce a beam which can belfocused'on a 1-mm target.

The beam quality, as defined in Eq. 1, can be larger by about a
factor of 40 for KrF fusion lasers than the BQ required for COé lasers,
due to the wavelength ratio (ACOZ/ACH4 = 10.6/0.268 = 39.6) of these two
systems. We will assume that the beam aperture and the last mirror focal
length is the same in the KrF system as in the CO2 system; namely, F = 15 m
and D = 0.5 m. Equation 1 then provides a direct relationship between
the focusable spot size d and BQ for both the KrF laser and the Raman cell.
These relations are

d(mm) = 0.0149 BQ for KrF (54a)

and

d(mm) = 0.0161 BQ for CH, Raman Cell (54b)

The smallest possible spot sizes (BQ = 1) are 0.0149 mm and 0.0161 mm for the
two beams, respectively. If we again require that the maximum allowable
focal spot size be 1 mm, then the maximum permissible BQ are 67.1 and 62.1,
respectively. The required BQ range is thus much larger than for CO,.

The exponential relationships used earlier for relating the BQ to
the density nonuniformities of the amplifying medium are probably not
valid for BQ > 2. Using these expressions to estimate the permissible
. density variation, Ap/p, for a given BQ, will give a conservative estimate
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the BQ worse.

whéh BQ > 2 and should then be viewed only as a lower bound of the allowed

“‘Ap/p Another estimate of the permissible Ap/p, versus the BQ desired,

can ‘be obtained from the geometric optics arguments presented earlier. Con-

sider, e.g., an ordered density distribution given by <Ap/p> = R j>7
(8p/p) cos(&anwigwith 2.5 cycles of density variation across the beam <§?‘;“"ﬁﬁ;
aperture (2 = W/2.5). Such density variations can be induced by pressure
fluctuations in the cavity (through entropy production), when the flow Mach '

number is M = 0.2. The corresponding BQ, based on Equat1on«(9) is g1ven by ‘ fggﬂ_,ﬁ

‘ | 2
2 - L. (o \/eo)le |
BQ° & 1 + 10—8(i>—ﬂj| | '
w1 fobs ()] -

This example will be designated here and in subsequenf figures by "geometric-
2.5 cycles." It should be viewed as a rather Tiberal estimate of the allowed

,(Ap/p) for a specified BQ. For M < 0.2, which is expected in most fusion-

type lasers, £ will be shorter, the number of Ap/p cycles will be larger and

, In F1gures 2 18 and 2 19 the upper and ]ower bounds of Ap/p, as a
function of BQ, are given for the KrF laser gas mixture and the CH4 Raman
cell. The two bounds practically coincide at BQ = 2, but then they diverge
and move apart rapidly. The difference between the KrF curve and the CH4
curves is mainly due to the difference in the optical length L and the 8

of these two systems. The difference in the CH4 curves is due to factor

of 5 pressure difference. At 5 atm, the OPD variation is five times larger
than it is at 1 atm for the same (4Ap/p).

In what follows we assume that a beam quality of the order of 2 will
be required for the KrF and CH4 systems, and use only the exponential
expression (lower bound) to determine the media homogeneity requirements.
Although the required spot size (1 mm) and the assumed focal Tength of
the last mirror (15 m) would allow using a KrF laser with a large BQ, i
is reasonab]e to require that the laser operate as close as poss1b1e to
its ideal BQ This would allow focusing the laser beam to a spot size
which is much smaller than the target size, which may be desirable in
terms of the laser/target interaction. It could also-allow moving the
last mirror a yreater distance from the target, which will largely "
simplify the problem of mirror protection. Furthermore, optical multi-
p]ex1ng requires a ]arge number ‘of mirrors, each 1ntroduc1ng it's own
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aberrations. There will be generally a strong motivation to make the
lasing media as uniform as possible. However, when the media induced:

BQ approaches 2, large decreases in Ap/p (or in OPD) will result in only
moderate improvements in BQ and in the focused spot size. We will there-
fore require that the laser-media related BQ be in the range of 2 to 5 and
large-scale ordered density nonuniformities be in the range of 1.6 to

4 x 10_4 for the KrF medium, 2 to 5 x"10—.5 in-the CH4ﬁmedium1at 1 atm and

4.to 10 x 1078 in the CH, medium at 5 atm,

The requirements on the random density’disturbances are presented in
Figure 2-20. The indicated variations corréspond to equations (50) and
(51) of Section 2.2. Since we expect the turbulent inhomogeneity scale
to be at least two orders of magnitude smaller than the aperture size,
the permissible random (Ap/p1)rms values are at least a factor of ten
larger than the ordered (Ap/p1)rms values given in Figs. 2-18 and 2-19.
Hence, for the 1-mm spot size (Ap/p])rms-random must be X 4 x 1073 for the

KrF laser and X 5 x 107% for the 1 atm CHy cell.

The pressure and temperature uniformity requirements are shown in
Figure 2-21. The KrF laser gas mixture of interest is predominantly of
composed of Ar (v94%). Hence y = 1.67, and y/y-1 =2.5. The factors of éf7ﬁfiﬁ
vy and y/y-1 are needed to find the residual pressure fluctuations and the
"entropy producing” pressure fluctuations. Spécificiyalues of these
pressure and temperature uniformity requirements at a BQ = 2 and 5 are
given in Table 2-13. There is approximately a factor of 50 difference
. between the KrF amplificr requirements and the Raman cell requirements
at 5 atm. Representative acoustic suppression factors for the two systems
are shown in Figure 2-22, using the conservative BQ estimate. We must
first compute the initiation overpressures from Equation (13). For the Foo
KrF laser, with an energy deposition of 100 ‘J/1it-atm at an initial
temperature. of T1 = 300%K, we obtain (Ap/p])im-t-:= (AT/T])init = 0.603.
The initiation overpressure is considerably smaller for the Raman Cell

because the energy deposition is so much smaller, i.e., 0.7 J/Tit-atm.

For the CH4 Raman Cell with v = 1.33 and an initial temperature T] = 300°K,
we find (Ap/p])init = ,(AT/T])1.m.t = 2.08 x 1073, The minimum acoustic
suppression factors (for d = 1mm) are 860 for the KrF laser and 33.3 for the

1 atm CH4 cell.
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Table 2-13.

for CH4

Pressure and Temperature Uniformity Requirements
Raman Cell and KrF Amplifier at BQ = 2 to 5

1 Atm CH4 Cell

KrF Amplifier

2.5 to 6.3 x 107

7.6 to 19 x 1072

1.9 to 4.8 x 10°

5 Atm CH, Cell
51 5.0 to 12.5 x 10
1.5 t0 3.8 x 10°
5 -
3.8 t0 9.5 x 10

-6

5

6

2.7 to 7.2 x 107%

4.3 to 10.8 x 10~

1.7 to 4.3 x 107%
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Ihé'next subject we discuss are the requirements on the velocity
fluctuations -- both large-scale (Au) and small-scale, turbulent (u').
The flow Mach number must now be factored into the requirements. It will
be assumed henceforth that the aperture size (H x W) will be the same
for the KrF laser and the Raman Cell. The PRF is naturally the same for
both elements. This does not imply that the Mach number in the two flow
cavities is the same because the flush factor C can be different and the
speed of sound is different. The difference in Mach number will, however,
be at most a factor of 2. We utilize the same range as before
(0.03 < M <0.3). The flow velocity requirements are illustrated in
Figure 23. Even though the figure is somewhat busy, we immediately
discern the fact that the Raman Cell under the highest Mach number (0.3)
conditions must have a very small (5 10'3) velocity inhomogeneity. We
are dealing here with turbulence levels representative of low-turbulence
wind tunnels used for studying boundary-layer stability rather than con-
ventional wind tunnel turbulence (where u'/U ~ 1%). At the lowest Mach
number (0.03), it would be relatively easy to meet the flow uniformity
requirements for both cavity flows.

The turbulence velocity, u'/U, homogeneity requirements for the various
laser systems under study are given in Figure 2-24 at a specific BQ value.
We have prev1ous]y d1scussed the ratjonale for se]ect1ng a BQ 2 for KrF
and CH4 The maximum a]]owab1e BQ of 1.6 is used in the CO 1aser The|
turbulence ve]oc1ty requ1rements are p1otted versus Mach number Two
shaded areas are shown at the top and at the bottom of the figure. The
upper region (u'/U R 10'2) is relatively easy to achieve and does not
necessitate any significant flow management; indeed, we shall make this
assumption when we calculate allowable pressure drops. The lower region
(u'/U % 10'4) is very difficult to qghieve As will be shown later, a

dynamic head loss of K = 40 (or ZO‘DUZ) is required to achieve such low |

turbulence (see Figure 2-28). Hence, our concern will be with the range y>#

1072 S:u'/U £ 107%. Note that it is only for the 5 atm Raman Cell that
the turbu]ence ve10c1ty homogeneity falls below 10 4 .
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2,3,}"Mean'FIOW“Rquirement; Mach Number
PN S

The discussion in this subsection parallels the one of Section 2.2.3.
However, we must consider two separate flow systems for the pulse-compressed
KrE fusion laser system. The flow velocity requirements are similar to
"Ebgggkof a C0, laser, but the Mach number scale has changed to reflect <
the different sound speeds for the two flows. Since we will continually
be referring to the two systems, let us use the subscript A to refer to
the KrF laser and subscript B to refer to the Raman Cell. Hence, in
Figure 2-25 wé show a MA and a MB scale. Note that we will continue
to take a flush factor of CA = CB = 2. Because the KrF laser mixture is
predominantly Ar with a molecular weight of 39.94, the speed of sound ap is
455 'm/sec. In the preceding subsection we have found that MB should be
less than 0.3 and probably as small or smaller than 0.1. This implies
(from Figuré 2-25) that in the 10-20 Hz range, the flow dimension length
W is fixed in the range of 1 - 2 m. Note, however, that with MB = 0.1,
MA is forced to be ~ 0.14 and could lead to flow uniformity and efficiency
difficulties. There will generally be some interesting tradeoffs between

systems A and B. This point is amplified in the next subsection.
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2.3.4 Flow Efficiency Requirements

The essence of the previous flow efficiency discussion in Section 1.1.2
remains’unchanged,‘however in the application to KrF laser systems we must
consider the KrF laser alone as well as the KrF 1aser/CH4 cell combinations.
For the KrF laser alone, we proceed as with the CO2 laser analysis. There
is a direct tradeoff between flow efficiency ng and the total allowable
system pressure drop Ap*/p5. If we use the projected properties of a KrF
amplifier (Table 2-10), with S - Naxt = 10 joule/lit-atm, then we can
directly use Figure 2-4 to find the allowable Ap*/ps. At ng = 0.1, Ap*/p5 =
0.395 and at Ng = 0.2, Ap*/p5 = 0.197.

The subject of the pu1se compressed KrF system is somewhat more complex
since we now have to consider the different efficiencies for the KrF laser
(A) and the CH4 Raman Cell (B). We will find that there is a tradeoff
between NEA and I which must be considered for evaluating the total
flow efficiency nF(A+B)' The discussion of Section 3.1 has defined one
pulse-compressed KrF laser system consisting of 10 KrF Tasers feeding a
single Raman Cell. The output of the Raman Cell will be the ICF driver

source. The overall laser efficiency can thus be written as

P R
e (57)
I(A+B) * "F(A+B)
where regeneration has been neglected. By definition
‘ 1 _PrasB) _ 19k * P (58)
. "E(A+B) LB Plg
where Pc, is the flow power for a single KrF laser. Upon utilizing
relationships similar to (18) and (19), Equation (58) becomes
P v
1 :40(Pux JA) 1, (59)
“IF(A+B) 18 18/ "FA TFB

v
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where

n Ap* - (s.next)B ncomp (60) {{ ]
o FA Ps A 101.3 CATTSA/T]A) A = "
AN
2
and :
* Nep (Ap*) = (S.nEXt)B ncomp : (61) L
. E/B p5 ] 101.3 CB(TsB/T]J | .
% -

Two KrF laser and Raman Cell combinations will be treated here._ The

KrF laser cavity is assumed to be at 1 atm in both cases. In the first cg§gj T

a1l atm CH4 cell is used whereas for the second a 5 atm CH4 cell is assumed.

When the laser and CH4 cavities are at the same pressure (1 atm), then
P]A = Pqp: and since V]A = V]B/S’ Eq. (59) reduces to

TF(A+B) PR TIFB

For the 5 atm CH4 cell we have Pia = p]B/S and since the cavity volume
ratios remains unchanged, Eq. (59) reduces in this case to

1 2, 1

= (63)
"F(A+8) °FA  FB

Both relationships, Eqns. (62) and (63) are plotted in Figure 2-26.

tﬂ¢;Figure 2-26 can provide some guidance for selecting a design Boinfwand
the aperating conditions at a KrF/CH4 system. On the one hand we would like
to have the largest allowable (Ap*/ps)B for the Raman Cell because of the

very stringent (Ap/p) requirements there. On the other hand, the overpressure
in the Raman Cell is very small and one might hope to achieve the required
pressure suppression with very little pressure drop. An optimal tradeoff
can be made only after the pressure suppression devices are better defined

and understood. Some specific examples can illustrate this point.
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To proceed with such examples we must return to Figure 2-3 of Section
2.1.1.2 and isolate an operating regime for the pulse-compressed KrF
system. We assume that the minimum acceptable combined initiation efficiency
for a KrF laser amplifier and compressor is NI (A+B) R 2.5%. This is a
reasonable requirement since KrF systems alone have exhibited initiation
efficiencies ~ 10-12%. The maximumAcombinedx1n1tiation efficiency is taken
as nI(A+B)-i 10% (equivalent to nip < 20%). It is also assumed that a
minimum flow efficiency should be 10% and that the range of from 10% to
20% is realistic and potentially achievable. The shaded region in Figure
2-27 is the KrF operating regime. Let us now return to Figure 2-26 and
examine three different points on a particular "E (A+B) curve (considering
the 1 atm CH4 only), i.e., ”F(A+B) = 0.10. The three cases are shown in
Table 2-14 together with the allowable pressure drops. In order to compute
the pressure drops, we use (S-next)A = (S-next)B = 10 J/Tit-atm, Neomp = 0.8,
CA = CB = 2, and TSA/T1A = TSB/TlB = 1, hence, from Equations (60) and (61)

Ap*
"Fp (ps)

There is therefore a range of choices for (Ap*/p5)A or B 25 defined above

nFB < ) 0.0395

D
A 578

and by the above selected constraint of nF(A+B) = 0.10. Table 2-14 pre-
sents only a few possible choices. The best choice will depend on the
pressure drop characteristics of these two systems, which will be dis-
cussed in the next subsection.
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2.3.5 Estimation of the Flow-Loop Pressure Drops |

i

The general pressure-drop relationships of Section 2.1.1.2 are mad;

specific to the KrF laser alone and éo the KrF/Raman Cell systems charak—
terized by the properties listed in Tables 2-10, 2-11, and 2-12. ]
] !

«.ss-Thiscsubsectionrissdivided into:two parts. The first part desc?ibbs

the pressure drops requ1red for f10w1ng the -laser gas around the c1rcu1t
without regard to flow or thermal cond1t1on1ng The second part spec1f1-
cally discusses the pressure drops requ1red tfor achieving the turbu]ence
uniformity (u'/U) and the thermal un1form1ty requirements. These:pressure
drop estimates allow one to deduce the pressure drops available for thq

drops as outlined below: ' ]
!

1. Allowable overall f]owlsystem pressure drop [Ap* .
deduced from eff1c1ency requirements: Ps TOTAL.

2. Pressure drop due to base flow (no flow Ap*
management): I
I

—————— 3.- -Pressure-drop -due -to- f]ow -and. thermal — — — (Apx\ - — —
management: I

I

|

4. Pressure drop available for acoustic Ap* I
management (suppression): AM. [

| |

4
i
I

Z2.3.6. |
|
2.3.5.1 Base Flow Pressure Drop,gl(Ap*/pS)FLOW

|
Cavity Heat Addition |

_DOCUMENT NOJ

acoustic suppressors (see Section 2.?.6). Hence, we consider four pressure

The overall (Ap* /p5)TOTAL has been descr1bed in section 2.3.4. (Ap* /p5)FLOW
and (Ap* /pS)FTM are described below and (Ap*/ps) is summarized in sect1on

| !
heat.addition.is- K]_—-AT ]/Tg] ~-~Fortthe.-KrF-laser-with- pA—=-1 .62-gm/1it—
Pp = 1 atm, Cp,.= 0.528 J/gn’K, and T, = 300%K the result is. (A 0]/T0])

BOTTOM(JFPAGE-——}

= (0.351. LTkew1se for the CH4 Raman ce]] with PR = 0.651 gm/1lit,

" As found in Section 2.2.5, the pressure loss coefficient for the cavity

LIS TILLIRIVELIS LSS

EARREREINERRE S

A__,,—— .. 01 - e

: —— =

ﬂPB_-_1 atmé Cp§—=~2 .22-3/gmK,-and-- T01-—-300 K-the-result-is— (AT01/T01?B
= 1.61x10 At p; = 5 atm, pp = 3.26 gm/1it but (AT 1/T01) remains |

unchanges at 1 61x10° 3 :
|
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Subsonic Diffuser |

Flow Turns’ [ !

'THU§]"if'We‘U§e’a'Coblant'temperature'of‘250°K“ K5‘=“1-57 — -If-we ‘use -the-
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I

A reasonable value of K3 = 0.30:15 used as the pressure drop coeffﬁcient.

[ |

[ |
If we again utilize well- des1gned turning vanes in the flow corners
with a KT = 0.15, then the total 1oss coefficient is 4 KT ="0.60. |
. N {
‘ : |
Flow Contraction | | ' _ ;

|
We can utilize the same loss coefficients for the contraction section
as used in Section 2.2.5, i.e., KC] 0.0036, 0.0026, 0 0012 at M = 0 03

0.1, 0.3 respectively.

Heat Exchangers

Note that for the Raman cell there is no need for the first heat
exchanger (K5 = 0) since the temperature excess isrrather small. One heat
exchanger, downstream of the compressor can bring the temperature back to
- the pre-initiation value. The KrF laser stagnation temperature 1ncreases
to approximately 481% (nearly 1ndependent of M) due to heat addition. !

max imum AP*/Pg of Table 2-14 to est1mate the temperature increase due{to

the compression, then (Tgg)a ¥ 33] Kland using the 250°K coolant, K, = :0.77.

f 331 %k, then K, = 0!77J

For the Raman cell, if we use a comparab]e (T 7
I
|

|
Boundary-Layer Friction [ |
!

We again choose a value of 2/D = 20 for the extent of the straigﬁt
sections in the wind tunnel. Due to,the high Reynolds numbers of our :
flow systems (106 - 107), the skin- fr1ct1on coefficient is quite small!

and KF varies from 0.044 at M = 0. 03:to 0.025 at M = 0.3.

06)8

The flow-only pressure drops are immediately obtained by mu]tip]ying

the loss coefficients, K, by the dynamic pressure of the flow - !
= 1/2pU2 = y/2pM2 For the KrF amplifier with y = 1.67, qA(Torr) 534.
In the 1 atm CH, cell with y = 1.33 :qB(Torr) 505.4 M and in the 5 atm
cell, qg(Torr) = 2527. M, |
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2.3.5.2 Flow and Thermal Management (Ap*/pS)FTM-

Vf‘“The flow uniformity requirements and the thermal homogeneity require-
ments are dictated by the density homogeneity and beam qua]ity'requirements,
as indicated in Figures 2-24 and 2-23. The flow uniformity requirements
are also a strong function of the flow Mach No. (see Fig. 2-24).

~ Turbulence quieting experiments have been undertaken in the past to
determine the pressure drops (or resistance coefficients) needed to achieve
a specific low turbulence level in wind tunnels and similar devices. In
reference 2-20, experimental data taken at the National Bureau of Standards
relates the measured u'/U to the total resistance coefficient KTOTALﬁ
required to achieve the low turbulence levels. This data is given in
Figure 2-28. The number of screens needed to achieve the uniformity levels
is also indicated. The data of Figure 2-28 together with Figure 2-24 can
be utilized to determine the required pressure drop versus Mach number.
~_This is given in Figure 2-29 for the fusion laser systems of current interest.
Note that the curves are drawn for a specific beam quality. The "translation"
from Figure 2-24 to Figure 2-29 proceeds as follows. For u'/U > 10;2, no
extra pressure drop is needed (Ap*/ps)FM =0 (K=0); for 2x]0"3 £ u'/U X 10
K=1; and for u'/U X 2x10'3, K is given by the multiple-screen curve of
Figure 2-28. Since rather scant experimental information is available on

-2

how to achieve the severe thermal uniformity requirements of fusion lasers,
we make here the approximation that the pressure drop needed for thermal
management is equal to that needed for turbulence management,-(Ap*/ps)TM =
(Ap*/pS)FM' Hence, the total pressure drop for flow and thermal management
is given by (Ap*/pg)rry = 2(4p*/Pg)py- The results of Figure 2-29 will be
used to determine the pressure drop available for acoustic management.
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2.3.§x Permissib]e’Pressure,Drops-for the Acoustic Absorbers

 The permissible pressure drop.for acoustic suppression purposes is
determined in this section. The quantity of interest is (Ap*/ps)AM which
is defined as follows

(Ap*/ '°5>AM“= (Ap*/ p5>TOTAL - <Ap*/ pS)FLOW - (Ap*/ p5>FTM

The first two terms on the right hand side of this relation were discussed
earlier and can be evaluated quite accurately.. The third term which
represents flow and thermal management is more difficult to determine -
particularly the pressure drop required for achieving the stringent
temperature controls required for fusion lasers. Hence, the definition

of (Ap*/ps)AM is influenced by the uncertainty in the characterization of
the thermal management problem. It is difficult to determine whether or
not our supposition that (Ap*/ps)TM (thermal management) = <Ap*/p5)FM
(flow management) is a conservative approximation. We shall assume

that it is a reasonable supposition and proceed to define the allowable

pressure drop for acoustics.

In Figure 2-30, the quantity (Ap*/pS)AM is given versus cavity flow
Mach number M for a KrF laser operated with optical multiplexing alone
(no pulse compression). Two reasonable values of flow efficiency (0.10,
0.20), required for a projected KrF laser with an extraction energy density
of 10 J/1it-atm, are used. At M = 0 when there are no flow-related losses,
(Ap*/p5)AM = (Ap*/pS)TOTAL. This value is inversely proportional to the
flow efficiency. As the M increases the flow-related losses increase as
M2, however the separation between the efficiency curves remains the same.
The results indicate that at nc = 0.10, the maximum M 'is ‘0.272 whereas. at
ﬁF~= 0.20, the maximum M is reduced to 0.194. Note that these maxjmﬁﬁ
values correspond to a situation where the acoustic suppression is accom-
plished without pressure drop. This is-Certainly-azdesired goal; and it may
even be approached with a porous wall/muffler type absorber. It is our
feeling, however, that the stringet pressure suppression required for KrF
Tasers will not be achieved with side-wall (passive) absorbers -alone.
Some flow-through (active) absorbers will be required as well. The

i ey
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perm1ss1b1e pressure drop for acoustic suppression, as indicated in
F1gure 2-30, can be well utilized and the maximum permissible M will be
less than that which corresponds to (Ap*/ps)AM 0 on that figure.

The available pressure drop for pulse-compressed KrF/CH4 systems is
shown in Figure 2-31. Two pulse-compression cells are considered, one at
1 atm CH4 and the other at 5 atm CH4 In these ca]cu]at1ons it has
been‘E?EGﬁEa'that there are no BQ requirements on the medium within the
KrF Taser cavity. Namely, it is assumed that the KrF laser itself
requires no flow management, (AP*A)FTM = 0, and that the acoustié suppres-
sion which may be required for its cavity can be achieved without any
pressure loss. We again show curves for two reasonable values of the
combined flow efficiency, nF(A+B) 0.10 and 0.20. The individual curves
fa]] of f more rapidly with M, as compared to the case shown in Figure 2-30,

AL R
1because of the stricter media homogene1ty ‘requirements in the CH4 cell. \

“—7—-———— ———— e B

Figures 2-30 and 2-31 illustrate what is the available pressure drop
for pressure wave suppression, as a function of cavity flow Mach|numbers \
for the different KrF/CH systems considered here. Note that for a system

which employeés a 5 atm CH4 cell, the pressure drop is limited to (AP*)AM._
0.08 P5, even at very low flow rates and M (which implies small flow width,

W, and 10w_PRF). We cannot estimate at this point how difficult a task
this may be. The results obtained so far only establish the requirements
on the acoustic suppressors which are yet to be developed.
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2.3.7 Comparison With the CO, System

It would be interesting to compare at this point the results for,
the KrF and CO2 systems, using the same format. We have estimated the
pressure drop required for flow management of the C02.1aser, (AP*)FTM,
using the procedure outlined in 2.3.5.2. This value of AP* was then
subtracted from the overall permissible pressure drop to give the
fraction available for acoustic suppression. The results are shown in
Figure 2-32 for the range of flow efficiencies which is of interest;
namely, between ng = 0.1 and 0.2. The maximum pressure drop available
is somewhat smaller in CO2 than in KrF, but the fall-off with increasing
M is also smaller. Operation at high M values seems to be permissible.

Other than determining the pressure drop available for acoustic
suppress1on_ Figures 2-30 and 2-31 can be used to determine the. ! , ‘Lf'f
upper 1imit on the flow Mach number, which can be used only if pressure
wave suppression requires no pressure drop. This maximum M determines
also the maximum value of the product WxPRF. Using these limiting values
of M, the inverse relationship of W and PRF is shown in Figure 2-23 for
the different systems considered here. This figure seems to indicate Eﬁa} ze v,
if the pressure drop associated with acoustic suppression is indeed zero,” S
there is no serious limitation on either the flow length, W, or the pulse
repetition fﬁedﬂehéy;gﬁﬁﬁgAaF‘these'15§EF‘§ystem57' ThééE"Eﬁ?VEE_EﬁﬁﬁTH“
be viewed as the upper limit of W x PRF when ng = 0.1. If higher flow
efficiencies are required, the maximum M and W x PRF product will be sma]]er

than shown here hy a‘factor‘proportlona1 to the square root of ng-

~ Additional work on laser flow systems, including other candidates
‘such as HF and 6r VI, 1is. now in progress and will be reported on in our
final report.
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(Ap*/ps)AM AVAILABLE FOR ACOUSTIC SUPPRESSORS

[
CO, LASER

s- nexr=6J/|it~afnf

C=2

n. = 0.8

0.3
MACH NUMBER, M

Figure 2-32. Pressure Drop Availab1e for Acoustic Suppression ,
Versus Mach Number for an Advanced COp Laser Module.
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Maximum Flow Length W Versus PRF Allowed for
ng = 0.1, with Pressure Drop due to Acoustic
Suppression Neglected.
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3. PRESSURE WAVE SUPPRESSION STUDIES
) I

3.1.1 Objectives and ‘Approach I

¥

|

|

|

|

I

‘ - I
3.1 EXPERIMENTS !
!

|

|

i

|

Gas-phase 1asers, when 1n1t1ated retain w1th1n the cav1ty gas a

1arge fraction of the total 1nstantaneous energy released. “This res1dug4j

energy leads to substantial heating and overpressure in the cavity, anm
generates pressure waves which then }everberate in the flow system. :
Interaction of the waves with the vaT1ous acoustic suppression dev1ces,
and flow control and conditioning elements is complicated and produces:
inhomogeneities in the gas. Since sdch deterioration of the medium [
degrades the beam quality of the succeed1ng pulses, it is mandatory th;t

these pressure waves be attenuated 1? a ‘time which is compatible with the
pulse repetition frequency of the laser.  We must first try to understapd
and quantify these effects and then.éroceed to develop pressure wave :

—attenuatﬁon-devtces~wh1ch-have~a—10wlpressure-drop—and—can—be~+ncorporamed

into the closed- 1oop flow system of a fusion laser. :

I

Although the phys1ca1 basis of these effects is weJ] understood 1m
principle, the tremendous detail of comp11cated multidimensional and nop-
linear phenomena wh1ch occur through,1nteract1ons between the preSSure(
waves, the flow and the geometry of the various devices is not amenab1a
to analysis or computation. However' experimental 1nvest1gat1on and emp1r
modeling is invaluable in 1dent1fy1ng the important issues and in eva]w
uating the influence of various paraTeters. The models can then be 1ncbrr
porated into the existing approximate predictive methods, such as one-:
d1mens1ona1 computer codes. A shock:tube provides a simple, inexpensive
1aboratory tool to produce and measuqe such. pressure wave-flow 1nteractﬂon
in laser-like geometries- and is used|here to s1my1ate a single pulse oﬂ
;such lasers. This approach serves t%e fo]]owing objectives: {

. Validate existing approx1méte ana]yt1ca1/computat1ona1 pred1cL
~ tion techniques (e.g., the|1 -D FACTS Code)
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|ambient conditions with compressed a1r for dr1v1ng waves (Figure 3- 1).:
t

‘gas within and 1mmed1ate1y outside the tube. The third wall of this :

-t perforations (7.2% open, 23/64" d1ameter holes in a symmetric, rectanguﬂar

BOTTOM OF PAGE —+

e Develop diagnostic capab111t1es to measure attenuation of :
pressure waves and the effects of these waves on the medium [
homogeneity and beam quality. I

’ ( {

. Identify, investigate and mode] the 1mportant issues that !
are not well understood, 1n order to 1mprove the capab111t1e#
of the above prediction techn1ques _ ‘ ,

" ’ |

(] Develop and test new pressure suppress1on concepts and build |
up a data base of performance characteristics for alternate :
configurations and des1gns!w1th improved performance. { |

. |
3.1.2 Shock Tube Test Faci]itx I |
(. '
3.1.2.1 Description of the Shock Tube S :

The shock tube is: made of a]um1num (0. 25” thlck) and. has a rectan-
gular cross section (3.5" square 1nterna11y) It has two 8" and one 24“
driver sections, which together w1th:some filler blocks al]ow var1at1om
of driver léngth from 2" to 40" in 2“ steps.. There are two sections for
the driven tube, 30" and 48" 1ong Norma]]y, the tube is operated at

Different thicknesses of My]ar and soft aluminum are used as d1aphragmﬂ

which bulge from the dr1yer pressure and press against a set of crossed

knife blades, at a distance which can be set so the:idiaphragm bursts ad
a predetermined overpressure (Figure3-2). The driver pressure is measpre
by direct reading just before the diéphragm bursts. Transducer ports |
are provided at various locations for measuring the transient waves. A

-
9.50. long optical sect1on with two oppos1te walls rep]aced by 6.5~ {-

diameter Schlieren windows allows- measurement of the. opt1ca1 qua11ty of’th

section is 0.375" thick and is rep]aceab]e, ) the béhavior of a var1ety

of ‘acoustically suppressing or absorb1ng walls can be observed (Figure P -3).

N ! . Lo |

Besides the regu]ar dr1ven sect1on,‘a vented driven section is also

|

used. This has the same cross sect1on, except that the top wall has |

three-in- ~3-row pattern) This conf1qurat1on corresponds to acoustic
suppressorslthat ‘have beenpfound to be very effective in pulsed lasers.

(Here the unvented walls of the tube represent: surfaces of symmetry.)
I .
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gu~e 3-1.

The Shock Tube Test Facility (24" Driver)




e

Figure 3-2.

Diaphragm Station:

Clamps, Knife Blades and a Burst Diaphragm




G-t

Figu~e 3-3.

Opzical Section and Vented Duct



Section lengths of 8", 16", 39" and 48" allow positioning of the optical
section at different locations in the vented tube, to examine the quality
of the local medium (Figure 3-3).

The nominal running conditions for the tests described later are
tabulated be]ow:*

DIAPHRAGM BURST PRESSURE SHOCK MACH NO.
Mylar 0.00025" 6 psig 1.08
Mylar 0.001" 17 psig 1.18
Aluminum 0.012" (1700-0) 80 psig 1.43

The shock tube is to be used to validate the code for simple shock tube
flows for large times (several reverberations), and for the response of
open ends, orifices, nozzles, vents, porous materials, etc., to a variety
of shock pulses. The vented configuration also is to be used to measure
wave attenuation and degradation of the medium under conditions simulating
various lasers, some of which involve outer resonator chambers around

the vented tube, or flow conditioning devices incorporated within an
absorber representing the upstream attenuator of a laser.

3.1.2.2 Pressure Diagnostics and Instrumentation

The pressure measurements of the strong wave transients are made with
piezoelectric gauges with built-in integrated circuit preamplifiers. Two
types of gauges are used: PCB 113A21 and PCB 106b. The first has 1/4"
diameter, 20 mV/psi sensitivity, 1 microsec risetime, 0.05 psi resolution,
and 100 psi range. The Tlatter has 1/2" diameter, 300 mV/psi sensitivity,
5 microsec risetime, 0.0003 psi resolution, and 15 psi range.** However,
only for a few tests, as mentioned, the latter gage was used in a recessed
adapter with 0.03" opening and approximately 0.3 msec response time.

The residual acoustic fluctuations after 1dng time can be measured
with Bruel and Kjaer condenser microphones type 4136. They have 1/4"

% These conditions are for air driving air, with knife blades set at 0.2"
from the diaphragm.

**The gages are normally used flush with the inner surface of the shock tube.
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diameter, 10 V/psi sensitivity, 5 microsec risetime, 10'5 psi resolution
and 1.5 psi range. The amplitudes of the initial transients in the experi-
ments are far beyond the range of the microphones and some automatic
shuttering is required to protect them.

Preliminary measurements have been made with piezoelectric gauges
and are recorded photographically from a Tektronix 556 oscilloscope with
1A6 preamplifiers (1 mV resolution). Future measurements will be acquired,
stored, processed and reproduced digitally with a Norland 3001 (Figure
3-4). This device has four transient recording channels (1024 points at
200 kHz each, or two channels of 2048 points at 500 kHz each) with 10-bit
resolution, coupled with a programmable microprocessor which controls a
cathode ray tube display and a flexible disk magnetic mass storage device.
It can also drive a printer and analog plotter. The built-in software
is extensive and sophisticated, and handles Fast Fourier Transforms,
Correlations, Convolutions, etc., with simple keystroke operations, as
well as performs algebraic operations, integrations, differentiations,
etc., on arrays of data, with simple user programs.

3.1.2.3 Optical Diagnostics

The optical changes caused in the medium by the waves are initially
strong and contain sharp gradients, which decay to weaker and smoother
fluctuations in time. Therefore it is advantageous to first use shadow-
graphy to visualize the initial nature and extent of the degradation of
homogeneity in the medium, and then Schlieren technique for the later
stages. Both methods use a spark light for a point source (0.03" pin
hole, submicrosecond flash) and a 100" focal length spherical mirror for
collimating the beam. In the shadowgraph, Polaroid black and white film
type 667 and type 57 (ASA 3000) are used for recording the image directly
behind the optical section. The Schlieren enhances the sensitivity by
reflecting back the collimated beam through the optical section, and
utilizing the same spherical mirror to refocus the beam onto a pinhole or
a dot which eliminates the undesireable portion of 1ight from the beam.
The filtered beam is then used to image the optical section onto the film.

Both of the techniques above, although excellent in investigating
the nature of the optical deterioration of the medium, are not sufficiently

3-7



Figure 3-4.

Digital Processing Oscilloscope:

Norland 3001
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“|a 24"-long driver, with 78"-long driven sect1on at ambient pressure arel

.| records, respectively for 0.00025" Mylar (6 psig) and 0.012" soft |

Idriver and then travels into the dr1wen sect1on, following the shock. The
| two waves together form a compress1on pulse, approximately twice the lengt

‘ after its reflection from the c1osed'end of the driver. Thus, near the,

| separately. For the gage near the closed end (top picture, bottom trace),

2 - — T
3.1.8 Shock Tube Experimental Results

’.7->/ i
3.1.3°1 (Closed-Tube Tests ,

A,_CZ! NO

N
!
I
[

| |
S1mp1e shock tube tests were performed first to obta1n pressure wawe

data for compar1son with the computat1ons, i.e., to ensure good agreement

to examine the development of differences over much 1onger periods. Thﬂs
was done with the strongest and the weakest diaphragms. The resu]ts for

presented below. (Figdre : ' o :

. | i
Two pressure gages (PCB]13A21) were located in the driven section,

one near the midpoint and one near the_far closed end (respectively, 33

and ‘76" from the diaphragm). Figure(B-Z and 3;815how oscilloscope {
|

aluminum (80 psig) diaphragms. In each f1gure the top picture shows the
'short. time (10-20 ms) transients, and the bottom picture, the long t1me|
(100 ms) oscillations. The top trace in each picture is the signal fron
| the _gage_near _the midpoint_of _the tube, and_ the_bottom_trace_is that_ i of'th

- -

gage at the far end of the driven sect1on I
l

As is well known in normal shock tube operat1on, the pressure d1ffFre
across the diaphragm -is divided between two waves when the diaphragm

|
|
bursts: a compression wave, which steepens into a shock as it travels |
into the driven sect1on and a rarefact1on which. spreads as it trave]s}

I

into the driver.:, Thé, rarefact1on reﬁ]ects from the closed end of the |

of the driver, which then bounces back and forth between the two closed

ends of the whole tube. {

In F1gure§3 7 !the gage near the midpoint (top picture, top trace)
shows the first pass-of this compression pulse, its second pass-after

e B e - —— o o’

reflection from the c]osed end of the driven section and its third pass

midpoint of the tube, each pass of the compression pulse can be observeH

for the short time when the flow in° the shock tube is well understood and »

(D

-
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CLOSED/O.PEN TUBE TESTS _ !

DRIVER
PRESSURE DIAPHRAGM
GAGE '
DRIVER DRIVEN SECTION
]-\ 6/80 psig 1 atm., air 3.5inx3.5in
./
COMPRESSED /\y\
: PRESSURE
AIR INLET STAT | TRANSDUCERS STA 2
fe—8in/24 in 33 in | 2in
76 in
78 in
VENTED DUCT TESTS
DRIVER PRESS URE ' OPTICAL
PRESS URE TRANSDUCER ~ D!APHRAGM SECTION
GAGE STA 1 STA 2
VENTS VENTED DRIVEN SECTION
DRIVER
-.t./._ —femm b AL e e e e e
‘?; 6/80 psig 1 atm 3.5inx 3.5 in
OMPRES: "
COMPRESSED , .
AIR INLET e Q/ [
=—8in/24 m——3|n'<- -
| oi PRESSURE
TRANSDUCERS
f—o15in
—17in |
22in 1
33in 4
78 in
‘ 13 in

Figure 3-6. Test Configurations of Shock Tube




24" DRIVER, 78" DRIVEN SECTION, 6 PSIG OVERPRESSURE

2 ms/DIV

GAGES
PCB 113A21

AT

0.075 ATM/DIV 33" FROM DIAPHRAGM

0.17 ATM/DIV 76" FROM DIAPHRAGM

* SHORT-TERM TRANSIENTS
10 ms(DIV 5

\

f GAGES
| | PCB 113A21
‘ | AT
| |
0.078 AIM/DIV 33" FROM DIAPHRAGM

0.184 ATM/DFV ' 76" FROM DIAPHRAGM

\
{
\

LONG-TERM OSCILLATIONS

Figure 3-7. Closed Tube Tests, Weak Waves
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.70
ATM/DIV |

1.55 |
ATM/DIV |

.61
ATM/DIV

1.55
ATM/DIV

24" DRIVER, 78" DRIVEN SECTION, 80 PSIG OVERPRESSURE

1 ms/DIV

SHORT-TERM TRANSIENTS

10 ms/DIV

LONG-TERM OSCILLATIONS

Figure 3-8.

Closed Tube Tests, Strong Waves
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PCBT13A21
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GAGES
PCB113A21
AT

| 33" FROM DIAPHRAGM

76" FROM DIAPHRAGM



the incident pulse and its reflection are superposed. The overpressure

in this case is small, and the waves exhibit almost a linear (acoustic)
behavior, i.e., the superposition results in approximately twice the ampli-
tude. Thus the gage near the closed end observes twice as large a pulse,
half as often, in contrast to the other gage. This behavior persists

for many reflections (bottom picture), with very Tittle decay in the
amplitude of the oscillation, as may be expected of waves which are almost
linear.

In comparison, Figure 3-8 shows the waves produced by a strong over-
pressure which are quite nonlinear. Although qualitatively the behavior
is quite similar, it is easy to see that the rarefaction spreads far more
and the shock reflection from the closed end more than doubles the pres-
sure (top picture). Here the traces end before the second pass of the
compression pulse is completed. In this case, the amplitude of the waves
decays rapidly due to the strongly nonlinear behavior (bottom picture),
as the rarefaction catches up with and eats into the shock wave and the
mean pressure settles to a value above the initial pressure in the driven
section. Some additional weaker waves can also be seen in this picture,
as well as in the previous figure, where they are much weaker. Such
waves may be caused by reflections from contact surfaces (entropy discon-
tinuities caused by the nonlinearities), or from experimental non-
idealizations Tike diaphragm petals or area constrictions (25%) at the
knife edge station.

3.1.3.2 Open-Tube Tests

The flow ducts for the fusion lasers may often have to be open
ended, so a smooth mean flow can be maintained with a minimum pressure
drop. Also, understanding of the impulsive jet flows generated by wave
interactions with nozzles and orifices is a key issue in effective acoustic
wave suppression and control of medium homogeneity. Therefore, pressure-
wave data was obtained in the simple situation of an open-ended shock tube,
for comparison with model computations of wave reflection and subsequent
long-time oscillation. This is done for the weak and strong waves, as in
the previous case of a closed shock tube. The shock tube configuration,
instruments and their locations, etc., are also identical to that case,
except that the far end of the driven section (which has no flange) is

left open to the atmosphere.
3-15



In this case also, a compression pulse traveling towards the open end
develops in the same fashion as for the closed tube. However, at the open
end very complicated processes occur. The waves diffract and diverge
into the atmosphere, and the pressure at the open end tends back to atmospheric
pressure within times of the order of a few acoustic travel times across
the cross section of the tube. The wave diffraction is a complicated
muTtidimensional process, and sets up transverse oscillations near the
open end. Nevertheless, from a larger distance inside the tube, it still
appears almost one-dimensional and results in a negative reflection
coefficient, i.e., a compression reflects as a rarefaction and vice versa.
This is a direct result of the condition that the pressure at the open
end returns quickly to atmospheric pressure.

This phenomenon of pulse inversion during reflection from an open
end can be seen in Figure 3-9, for weak waves (top picture, top trace).
Here, the gage near the midpoint of the tube clearly shows the incident
compression pulse coming from the driver and then its inversion due to
reflection, i.e., a rarefaction pulse returning from the open end. The
gage near the open end (top picture, bottom trace) shows only minor devia-
tions from the ambient pressure as expected. This can be interpreted as
the simultaneous occurrence (superposition) of the compression and the
rarefaction pulse at that location. However, the real process is quite
complex as evidenced by the sharp deviations from ambient pressure and
the high frequency fluctuation which appears to be a transverse oscillation
in the tube.

The reflection of the rarefaction pulse from the end of the driver,
and again its reflection from the open end as a compression pulse, etc.,
can be seen clearly at the gage near the midpoint (bottom picture, top
trace). An inversion occurs at each reflection from the open end, and
after each inversion the pulse makes two passes over the gage, on its way
to the driver and back. In contrast to the corresponding closed tube
case (Figure 3 -7, bottom picture, top trace), the decay of oscillation
in the open tube is substantially rapid. This is attributabie to the
radiation of acoustic energy to the atmosphere from the open end, and to
the kinetic energy transmitted to fluid when separation and vortex forma-
tion occurs at the mouth of the open tube during each reflection process.
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24" DRIVER, 78" DRIVEN SECTION, 6 PSIG OVERPRESSURE
2 ms/DIV

GAGES
PCB113A21
AT
.067 33" FROM DIAPHRAGM
ATM/DIV
|
-072 n
ATM/DIV 76" FROM DIAPHRAGM
10 ms/DIV
GAGES
PCB113A21
AT
.071 t
ATM/DIV 33" FROM DIAPHRAGM
.108 f
ATM/DIV 76" FROM DIAPHRAGM

LONG-TERM OSCILLATIONS

Figure 3-9. Open Tube Tests, Weak Waves
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The energy in these jet-like impulsive out-flows and in-flows is not
recoverable, but is dissipated by turbulence and eventually by viscosity.
In this context, it is interesting that the reflection from the open end,
the rarefaction pulse (top picture, top trace), is substantially smaller
in amplitude than the incident compression pulse, even though the pressure
at the open end (bottom trace) returns very closely to ambient pressure
during the reflection.

For the stronger waves, although qualitatively the same phenomenon
of inversion occurs upon reflection from the open end (Figure 3-10, top
picture), the real process can be even more complicated and can make gross
changes in the overall picture. For example, the reflections seem to
decay so strongly that it is hardly possible to trace a ciear sequence of
pulses being inverted and reflected between the two ends of the tube
(bottom picture). Only a mean long wave oscillation is observed which
seems to correspond to the organpipe mode of the whole tube. It is also
important to note that the pressure at the open end is unable to return
to ambient pressure during reflection (top picture, bottom trace), in
contrast to the weak wave case (Figure 3-9, top picture, bottom trace).
It is very likely that the flow out of the mouth of the open tube is
supersonic during the reflection, and supports expansion waves in the flow.
This is similar to the oblique expansion waves found in over-expanded
jets, in which case the pressure in the nozzle is maintained above ambient
pressure.

3.1.3.3 Vented Duct Tests

Acoustic suppressors using the vented duct concept are known to be
quite effective in repetitively pulsed gas-phasé lasers. Here, short and
long shock tube drivers were fired into a vented driven section (open
to the atmosphere, but with a closed end), and attenuation of pressure
oscillations was measured for strong and weak waves. Further, spark
shadowgraphy was used to visualize and understand various phases of the
flow through vents, and the nature and extent of medium contamination
produced by the flow into the tube during the negative phase of pressure
oscillation, even at a station far away from the driver.
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24" DRIVER, 78" DRIVEN SECTION, 80 PSIG OVERPRESSURE
2 ms/DIV

GAGES
PCB113A21
AT
0.86 "
ATM/DIV 33" FROM DIAPHRAGM
0.63 T
ATM/DIV 76" FROM DIAPHRAGM
SHORT-TERM TRANSIENTS
10 ms/DIV
GAGES
PCB113A21
AT
0.77 n
ATM/DIV 33" FROM DIAPHRAGM
0.67 T
ATM/DIV 76" FROM DIAPHRAGM

LONG-TERM OSCILLATIONS

Figure 3-10. Open Tube Tests, Strong Waves
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The correspondence between the geometries of a typical laser flow
duct and the vented configuration of the shock tube is shown in Figure 3-11.
The bottom wall of the shock tube (opposite the vented wall on top) and
the closed ‘end wall of the driver represent surfaces of symmetry across
which very Tittle flow is expected to occur. There is almost no variation
in the wave and flowfields of the laser in the direction of the beam,
and the narrowness of the shock tube in this direction is of no consequence.
The upstream suppressor of the laser may be different and, again, it is
possible to test independently that configuration in the shock tube.

For the experiments described below, the vented driven section was
113" Tong, with the 9.5" optical section placed at 17" from the diaphragm
(Figure 3-6). For these tests it was found more useful to locate one gage
at 9" from the diaphragm into the driven section and the other gage at the
center of the driver endwall, although a few tests were made with the gages
at 33" and 78" from the diaphragm for comparison with the previous tests.
Generally, the piezoelectric transducers were used flush with the shock tube
wall. Only special tests PCB106B's were used in recessed mounts as mentioned
above. Two different driver lengths were used, 8" and 24", with two types
of diaphragms giving driver overpressures of 80 psig and 6 psig. Pressure
variations were observed also for long times (0.1 sec) and at high amplifi-
cations. The far end of the vented tube was normally closed, except for a
few tests as mentioned below.

Figure 3-12 shows the behavior of the strong waves in the vented duct
with an 8" driver. The top picture shows the pressure changes at the
familiar locations (33" and 78" from the diaphragm) in the driven section.
Clearly, unlike the previous cases, a repeating pattern of pulses does
not develop. The compression pulse from the driver is weakened substan-
tially as it travels down the tube, by the expansion waves generated from
the outflow through the vents, which catch up with the leading shock. The
reflection from the closed end becomes even weaker and is too small to
be identified at the 33" location (bottom trace).

The Tower picture in this figure shows the pressure variations inside
and close to the driver. At 9" from the driver (top trace), very strong
rapid fluctuations are observed immediately behind the shock, and the
venting appears to result in a substantial period of underpressure in this
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8" DRIVER, 113" VENTED TUBE, 7.2% OPEN, 80 PSIG OVERPRESSURE
2 ms/DIV

GAGES
PCB113A21
AT

13 33" FROM DIAPHRAGM
ATM/DIV
.73 78" FROM DIAPHRAGM
ATM/DIV
TRANSIENTS IN TUBE
2 ms/DIV
GAGES
PCBT13A21
AT

.73 9" FROM DIAPHRAGM
ATM/DIV
3.65 CENTER OF
ATM/DIV DRIVER ENDWALL

TRANSIENTS NEAR DRIVER

Figure 3-12. Vented Tube Tests, Strong Waves, Short Driver
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area after the compression pulse has passed. At the closed end of the
driver (bottom trace), a significant undershoot is also seen as the gage
settles to ambient pressure from its zero at the driver overpressure.
Again, the undershoot implies a pressure substantially below the ambient
pressure.

In the next figure (3-13), the signals from the same four pressure
gages are shown in the same sequence, amplified ten times to exhibit the
fine-scale oscillations and the details of undershoot. The high frequency
fluctuations in the tube (top picture) probably result from the multitude
of three-dimensional diffraction waves, each being radiated from a
different vent hole, as the shock passes over it. This must lead to a
certain amount of transverse oscillation, and perhaps other complicated
wave modes. The high frequency oscillation also occurs at the 9" Tlocation
(bottom picture, top trace), although it appears to have decayed strongly
in about 10-15 msec. The arrival of the reflected shock and its re-
reflection from the driver can be seen clearly on this amplified scale.
Although observed on a less sensitive scale, the pressure at the driver
endwall seems to show much less high frequency oscillation. Its distance
from the vent holes, nonlinear spreading of expansion waves, and gage
location on the tube centerline (which is a node for transverse pressure
oscillations) are possible reasons. The pressure in the driver and its
vicinity seems to recover from the undershoot fairly monotonically in this
case.

The pressure variations for the same 8" driver in the case of weak
waves are shown in Figure 3-14. The top picture shows the pressure at
9" from the driver (top trace) and on the driver end wall (bottom trace).
Qualitative features of the traces are quite similar, such as the
occurrence of expansion waves behind the shock, high frequency fluctuations,
pressure undershoot and the occurrence of the reflected shock. The high
frequency fluctuation seems relatively smaller and the reflected shock
larger, indicating that the venting is less effetive at attenuating weak
waves. This is to be expected since strong waves produce strong jet-like
flows through the vent holes which cause more energy dissipation. The
bottom picture shows the above pressure variations on amplified scales
(top trace: X4; bottom trace: X5, bottom trace is shifted to the right
by 1 division). Clearly, the relative undershoot is larger in this case
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8" DRIVER, 113" VENTED TUBE, 7.2 % OPEN, 80 PSIG OVERPRESSURE

2 ms/DIV

GAGES
PCB113A21
AT
A?QEDIV 33" FROM DIAPHRAGM
:073 78" FROM DIAPHRAGM
ATM/DIV
RAPID OSCILLATIONS IN TUBE
2 ms/DIV
GAGES
PCB113A21
AT
A}ﬁzgiv 9" FROM DIAPHRAGM
| 365 DRIVER ENDWALL
ATM/DIV

OSCILLATIONS NEAR DRIVER

Figure 3-13. Vented Tube Tests, Strong Waves at High Amplifications
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8" DRIVER, 113" VENTED TUBE, 7.2% OPEN, 6 PSIG OVERPRESSURE

2 ms/DIV

GAGES
PCB113A21
AT
e 9" FROM DIAPHRAGM
ATM/DIV
.185
i DRIVER ENDWALL
TRANSIENTS NEAR DRIVER
2 ms/DIV
GAGES
PCB113A21
AT
.015 9" FROM DIAPHRAGM
ATM/DIV
.037
ATM/DIV DRIVER ENDWALL

AMPLIFIED TRANSIENTS

Figure 3-14. Vented Tube Tests, Weak Waves, Short Driver
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and the pressure undulates as it returns to ambient conditions, which
substantiates the fact that vents are less effective for weaker waves.

The magnitude of the undershoot in the duct pressure varies along the
duct. It is maximum within the driver and gets smaller at Targer distances
from the driver. This is shown in Figure 3-15, with the PCB106B gages at
driver endwall (top picture, bottom trace), and at the following distances
- from the diaphragm: 3" (bottom picture, top trace), 9" (top picture, top
trace), 15" (bottom picture, bottom trace). Qualitatively, this seems
similar to a quarter-wave oscillation of a open tube which in this case
is the driver. However, there is no clear indication of the existence of
a definite pressure node corresponding to the open end.

Figures 3-16 and 3-17 show the pressure variations at the driver
endwall and at the 9" Tocation as recorded with PCB113A21 gages, res-
pectively, for the strong waves and the weak waves. Again, the same
qualitative features are seen: expansion following the shock, high
frequency fluctuations, undershoot and the reflected shock. However, the
overall process occurs correspondingly slower for the longer driver. The
lower pictures in each figure show the pressure signals at high amplifica-
tions; for strong waves, X10; for weak waves, X4 top trace, X2.5 bottom
trace. Again, it is clear that for weak waves the undershoot is larger
and there is pronounced undulation, indicating that the venting is less
effective for these waves. It is interesting that for the long driver,
even the strong waves shqw'some undulation. On comparison of the relative
undershoots and the undulation for the two drivers, both for strong and
weak waves, it appears that, for a given venting, longer drivers produce
more undulation and perhaps bigger undershoots. The effect seems stronger
for the weaker waves. |

The behavior of the residual pressure fluctuations for a period
as long as 0.1 sec is shown in Figure 5-18, for the case of weak waves.
The top picture corresponds to the 8" driver, the top trace is the pressure
at 9" from the diaphragm and the bottom trace is that on the driver endwall.
The fluctuations and undulations are seen to attenuate strongly. The
linear rise in the signal from the driver endwall gage is a spurious
effect. The gage is cerved al the initial driver overpressure, and when
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8" DRIVER, 113" VENTED TUBE, 7.2% OPEN, 6 PSIG OVERPRESSURE

2 ms/DIV
GAGES
PCB106B
AT
Ag&ioxv 9" FROM DRIVER
Aga;DIV‘ DRIVER ENDWALL
2 ms/DIV
GAGES
| PCB106B
| AT
Ag&iglv‘ 3" FROM DRIVER
015
ATM/DIV 15" FROM DRIVER

Figure 3-15. Quarter-Wave Oscillation of Vented Tube,
Weak Waves, Short Driver
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24" DRIVER, 113" VENTED TUBE, 7.2% OPEN, 80 PSIG OVERPRESSURE
2 ms/DIV

GAGES
PCBT113A21
AT
13 ;
ATM/DIV | 9" FROM DIAPHRAGM
3.65
ATM/DIV | DRIVER ENDWALL
|
|
GAGES
PCB113A21
AT
.073 )
ATM/DIV 9" FROM DIAPHRAGM
.365
ATM/DIV DRIVER ENDWALL

AMPLIFIED TRANSIENTS

Figure 3-16. Vented Tube Tests: Strong Waves, Long Driver
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24" DRIVER, 113" VENTED TUBE, 7.2% OPEN, 6 PSIG OVERPRESSURE

2 ms/DIV

GAGES
PCBII13AZ |
AT
.06 )
ATM/DIV 9" FROM DIAPHRAGM
L1185 ]
ATM/DIV DRIVER ENDWALL
2 ms/DIV
GAGES
PCB113A21
AT
.015 )
ATM/DIV 9" 'FROM DIAPHRAGM
.074 ‘
ATM/DIV DRIVER ENDWALL

AMPLIFIED TRANSIENTS

Figure 3-17. Vented Tube Tests: Weak Waves, Long Driver
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10 ms/DIV, 6 PSIG OVERPRESSURE, 113" VENTED TUBE, 7.2% OPEN
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DRIVER ENDWALL
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ATM/DIV 8" DRIVER
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.015 o
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Figure 3-18. Long-Term Oscillations in Vented Tube: Weak Waves
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the pressure jumps down to ambient conditions the gage output swings
negative, but then slowly decays back to zero in an exponential fashion
(time constant ~ 1 sec). The beginning of this exponential decay becomes
very noticable at the high amplification used in these pictures. The

next lower picture shows the corresponding pressure traces for the 24"
driver. Here, as expected, the undulations Tast longer. The two traces
at the bottom of the figure are the two top traces of the two pictures,
observed at much higher amplification: top trace, X10 (8" driver); bottom
trace, X25 (24" driver). The timescale is unchanged. In order to obtain
good resolution of the small signals, the more sensitive PCB106B gages
were used for the measurements in this figure. Residual pressure fluctua-
tions as large as 0.01 psi are seen to persist for times as long as 0.1 sec
for both drivers. For the Tonger driver, even the slow undulation is still
quite noticeable at this time.

Further tests were made with the PCB 106B gages flush with the shock
tube wall, to confirm the nature of these residual oscillations. Only weak
waves were fired from a 8" driver and the far end of the vented section was
left open. These pressure traces shown in figure 3-19 and 3-20 are comparable
to those in Figure 3-14. The diaphragm material for these tests is the
.00025" mylar which is not very uniform and results in substantial variation
from run to run as seen from the differences in Figures 3-19 and 3-20. The
wave reflected from the open end shows rapid oscillation behind it similar to
the reflection from a closed end. The amplitude and frequency of these
oscillations suggests that they may correspond to an oscillatory flow in
the vents. This is perhaps an indication that the effectiveness of the
attenuation provided by the coarse venting is substantially reduced for the
small amplitude residual fluctuations. The Tong time behavior of these
fluctuations is shown in the top picture in Figure 3-21, at a high amplifi-
cation. The typical frequency of these residual high frequency fluctuations
also appears to correspond with a transverse quarter wave (organ pipe oscil-
lation) across the vented tube again implying oscillatory flow in the vents.

In order to ensure that the observed signal is not a spurious result
of stress waves or structural vibrations in the shock tube, the above test
was repeated with a sealed cap over the pressure sensitive face of the
transducer located at 9" from the diaphragm. This isolated it from the
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8" DRIVER, 113" VENTED TUBE, 7.2% OPEN, 9 PSIG OVERPRESSURE

2 ms/DIV

GAGES
106B (FLUSH)
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. 06 "
ATM/DIV 9" FROM DIAPHRAGM
DRIVER ENDWALL
237
ATM/DIV
\
\ = - -
TRANSIENTS NEAR DRIVER
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.074 |
ATM/DIV |
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Figure 3-19. Vented Tube Tests, Weak Waves, Short Driver
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8" DRIVER, 113" VENTED TUBE, 7.2% OPEN, 9 PSIG OVERPRESSURE
2 ms/DIV

GAGES
106B (FLUSH)
AT

.06 X
ATM/DIV 9" FROM DIAPHRAGM
DRIVER ENDWALL
37
ATM/DIV
TRANSIENTS NEAR DRIVER
2 ms/DIV
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106B (FLUSH)
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9" FROM DIAPHRAGM
.015
ATM/DIV
DRIVER ENDWALL
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Figure 3-20. Vented Tube Tests, Weak Waves, Short Driver
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8" DRIVER, 113" VENTED TUBE, 7.2% OPEN, 9 PSIG OVERPRESSURE

10 ms/DIV
GAGES
106B (FLUSH)
AT
.003 "
ATM/DIV 9" FROM DIAPHRAGM
DRIVER ENDWALL
.074
ATM/DIV
!
\
LONG TERM OSCILLATIONS
Figure 3-21. Vented Tube Tests, Weak Waves, Short Driver
10 ms/DIV
|
| GAGE 106B
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| TO SEAL FROM PRESSURE)
|
Y" FRUM UI1APHRAGM
.003
ATM/DIV

(EFFECTIVE)|

STRESS WAVE AND VIBRATION NOISE

Figure 3-22. Vented Tube Tests, Weak Waves, Short Driver
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the pressure waves. The resulting signal is shown in Figure 3-22. The
relatively insignificant noise level demonstrates the insensitivity of
the gauge to spurious effects and confirms the observation of the residual
high frequency acoustic fluctuations at long times (> 20 ms).

3.1.3.4 Flow Through Vents

Visualization of the wave field inside the vented duct and the flow
through the holes at various stages of the attenuation are shown in a
sequence of spark shadowgraphs in Figures 3-23, -24, -25. The case shown
is a 24" driver with a .001" mylar diaphragm firing nominally at 17 psig
into the vented tube. The center of the shadowgraph pictures is 22"
from the diaphragm, and the view shows the flow through the horizontal
vented top plate of the optical section which is 3/8" thick. The window
radius is 3.25". The black shadow at the bottom of the picture is not
the bottom wall of the tube. This region is masked off to avoid spurious

reflections.

The first picture shows the shock wave - sharp, black, vertical,
straight line on the left - travelling in the duct from right to Teft.
Behind the shock wave, as well as outside the vented plate a number of
weak wave fronts can be seen. These result from the diffraction of the
shock wave at the vent holes. The diffraction also produces an impulsive
jet flow through the hole which generates a vortex ring, seen in the
sideview as a horizontal dumbel shaped dark object, just above the vented
plate in the right half of the picture. In the second picture the shock
has just left the picture, after diffracting from another row of holes.

A fresh vortex ring is seen emerging, while the previously formed ring
is continuing to develop and move up. It should be noted that there are
three holes in each row which produce three vortex rings, but their
shadows coalesce to show only one ring. However, multiple diffraction
fronts can be seen due to slight misalignment of the Tight beam from the
row direction. The next two pictures show later stages of the rings
where they become unstable and break up Teaving behind a turbulent

jet. The cores of the vortex rings become visible, since the gas in the
center of the core dilates in response to the decompression caused by
the centrifugal action as the gas spins around the core. On the other
hand, the jet becomes visible because it is formed from the boundary
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24" DRIVER, 113" VENTED SECTION, 17 PSIG OVERPRESSURE
1. 1350 MICROSEC. 2. 1380 MICROSEC

3. 1.5 MILEISEC. 4. ~2.09 MILLISEC.

Figure 3-23. Shock Interaction With Vents
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24" DRIVER, 113" VENTED TUBE, 17 PSIG OVERPRESSURE
b2 20 MITICISER 6. 3.7 MILLISEC.

7. 4.0 MILLISEC. 8. 4.5 MILLISEC.

Figure 3-24. Flow in Vented Tube
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24" DRIVER, 113" VENTED TUBE, 17 PSIG OVERPRESSURE
8¢~ 8.8 MILLISEG: 10. 6.5 MILLISEC.

11, 7.5 MIELISEG. 12. 8.5 MILLISEC.

Figure 3-25. Back-Flow Through Vents
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layers separating from the vented plate. The boundary layers carry a
temperature difference across them, since the gas which was originally
at the temperature of the tube has been irreversibly heated by the shock
wave. The temperature gradients across the boundary layer cause
sufficient refraction to produce visualization of the turbulence.

The next four pictures in this sequence show how the diffraction
wave fronts continue to persist in the region even after many reflections.
They also show the arrival of the turbulent contact surface between
the shock heated gas on the driven side of the tube and the cold driver
gas (-33°C, cooled by isentropic expansion). In the rest of the
sequence, the contact surface flows past the view as the driver gas comes
in. The driver gas, which is room air, appears darker at the low tempera-
ture due to scattering from particles of condensed water vapor. These
last four pictures also correspond to the period of the pressure under-
shoot in the duct. The jets shooting out of the vents can be seen
decelerating and dissipating, leaving uniform turbulence outside the duct.
Then the outer gas, which appears lighter, begins to flow back into the
dark gas within the tube. The jets formed by this inflow can be seen to
penetrate and contaminate the gas deep inside the tube. Also, because
of the inflow, the driver gas is pushed along the tube far beyond 25",
which is much greater than 18", the distance predicted by isentropic
expansion.

This process of contamination by inflow during the pressure under-
shoot extends many driver lengths as shown in Figure 3-26. In this
case, the 8" driver is used, the film is larger and the sensitivity of
the shadowgraph has been highly enhanced. The same diaphragm and over-
pressure is used as before, however due to the short length of the
driver, the expanded driver gas does not extend into the field of view
during the period of inflow. The three pictures here show weak but
sharp wave fronts inside the tube, uniform turbulence cutside after the
jets have decayed and the development of the inflow jets which fully
contaminate the field of view during this period. Clearly, the
region where such contamination occurs is much longer than 3 lengths
of the driver.
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8" DRIVER, 113" VENTED TUBE, 17 PSIG OVERPRESSURE

1. 4.5 MS

2. 5.5 MS

3. 6.5 M5

Figure 3-26. Backflow Through Vents Far From Driver
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_Thus, the above flow visualization has already identified some .
. critical issues. For fusion lasers, where it is not possible fo pro- :
tect the upstream fluid from the waves by choked orifice plates and
acoustic suppression devices are neeessary upstream of the cavity, two;
major contamination problems exist; contamination with the cavity gas
@‘and“contamination'from boundaries‘bﬁ“inf]owfthrough vents. Expansion -

| of the cavity gas into the upstream:duct is unavoidable, however the

' region contaminated by this gas is greatly increased by the mixing and
jet inflow from side-wall vents whidh occur during the period of the
pressure undershoot. Even when thi% effect is minimized, no cleanup
process seems possible for this contamination, other than maintaining :
a high mean flow rate to flush thisif]uid past the cavity. The second'
problem of contamination results from the wall boundary layers, which .
separate and mix with the upstream medium during the vent inflow phase.
This causes turbulent density f]uct@ations over a region much larger

. thaaithat contaminated by the cavity gas. However, the magnitude of
these fluctuations is of the order of the irreversible entropy change

. produced by the shock waves (since the fluid in the boundary layers
| tries to return to original state by:diffusion of heat into the walls),
. and they decay in time by turbulent ‘and diffusive dissipation. It '
. may be possible to enhance this decay artificially to some extent

i (e.g. by use of screens) as the gas flows into the cavity. It is not -
c1ear however, whether this is 11ke1y to be adequate (espec1a]1y when
boundary f]ows of different fluids are involved), considering the
extremely high medium homogeneity required for some laser systems. For
both problems, use of high mean f]oJ rates (high flush factors) can
always provide a fresh, homogeneous hedium in the cavity, but the
pumping work required for this severe]y impairs the overa]] laser

efficiency, wh1ch is already cr1t1ca1]y Tow.

[
"~ Although here the upstream contamination problem is demonstrated

only for a vented duct, the problem ﬁs more general and fundamental
in character. It must be resolved to allow the development of low-
pressure-drop absorbers for the regibn upstream of the laser cavity.
Production of turbulent flows 1s a mechan1sm basic to most devices
which adequately dissipate the wave energy released from the Iaser
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cavity. 'Consequent1y, irreversible entropy fluctuations are .an inherent
part of the problem and solutions have to be found to suff1c1ent1y
diminish their magnitude or their effects on the laser medium, without
adversely affecting the flow system eff1c1ency.
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o 3.2.1 FACTS Code Description | ! —_—
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- The analytical modeling of acoust1c suppressors for Pulsed Fusion : N
-12 Laser is performed with the aid of a numemca] code (the FACTS code) : 12—
— previously developed at TRW. The FACTS code solves the following set of _
- 'equatwns which describe the unsteadquuas1 one-dimensional flow of gas: R
—_— in a duct of slowly varying cross-sectional area: I _—
| ]
- 18-
_EE conservation of mass : : ——
_ 5 3 ' 5 _—
_ —_— = . = - T I ——
_ conservation of momentum : : _
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— ideal gas equation of state | ! -
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-548 p1r T2 3 | 54—
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|(Reference {3-6, 3-7)\ was used to generate the time- dependent solutions

. work on pressure suppression modeIingIdid not sufficiently emphasize thi

.3;2.2L1 ModeI for Side-Wall Vents

L. . - | . , ;
.the conservation equations. These source-sink terms represent the rate;of
. 5

tions 64 to 68 are given by S

e e | - ———

A Lax-Wendroff differencing scheme with Flux-Corrected Transport
)
Equations 64, 65, and 66. The Lax wendroff differencing technique inte
FionaIIy diffuses the solution 1n order to treat problems with strong

Fradients or shocks. The Flux- Corrected Transport technique is a metho
[
of removing the diffusion added to assure numerical stability. Shock

—_——-a. _-—3 —(‘-f‘————

T%III&‘IIIIITIIIIII

@
|

waves that take five or six mesh spaces to describe with the Lax- Wendroff
method alone are described .in two mesh spaces fwhen the FCT technique 15|
used. For more information on the FACTS code see examples of its use 14
solving pressure wave suppression probIems in Reference ____J;Y\°

[
|
I
This code was modified and upgraded under the current program to I
improve its predictive capabilities and make it more suitable to deal wyth

pressure wave attenuation problems 1nIfus1on -type, pulsed lasers. In some v

better than 10 -4 are required. To fo]Iow the attenuation process to these

B 1 . > '
low overpressure levels one must pay careful attention to the detailed |

ingredients of the code and make surejthat they properly modeI the rele%

vant~ phys1ca1‘processes —Also,;”in fusﬁon -type Tasers, the pressure Wave

attenuation must be accomplished w1th:Iow pressure drop absorbers. Pasé

IS

‘point. Recent code modifications andlextens1ons are described in the

following subsect1onsI |

3,2.2 Recent Code Mod1f1cat1ons

I

!

I

| I

|

I . |

S . } f

A ' :

I | |

| | , i
3.2.2.1.1 General Requirements I |
I

i

The quasi one-dimensional approach used in the numerical model require

that the side-wall venting be expresséd in the form of source-sink term# in

increase or decrease of mass, momentum and energy due to side-wall ventihg.

“If o is the rate of mass flowing out through the vents of the duct per Qnit

| - _ i -
length, then the general forms of the 'source-sink terms as defined in Equa—

I
|

of these lasers, notably in the KrF system pressure attenuation IeveIs'to

! :
I i
t

i
C B

|

¥
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:t‘é Sl =g _ : (i69 :
3 | | -_
= Sp =0 Ug, : _€70 —
12 , s | ! 12~
— 53 =0 (eS + Ps/ps'+ ug /2): (i71 —
- ! _—
— where the subscript s denotes average:cond1t1ons of the fluid as.it 1eaées —
18 or enters the duct, and where usx is the x-component (the component para]— 18—
— lel to the flow in the duct) of the ayerage velocity of the fluid as 1t| -
::: "~ [leaves or enters the duct. S1 represents the rate of mass enter1ng or : :::
— leaving the duct per unit length, 52 represents the rate at which momentum :::
24 . j{is transferred into or out. of the duct per unit length, and S3 is a comb1- 24—
— Pat1on of the rates at which energy 1n the form of internal energy, es,: :::
_ kinetic energy, Ug /2, and work, P /p', is transferred into or out of the -
duct per unit Tength The Tine f]ux of mass, o, can be expressed in geﬁ- B
30 eral as: ' ! - .: 30—
_ | _aszpcugac L _:L _________________ (EZZ. _
|
- where ag is the vent area per unit 1ength of the duct and usy is the y! _
-36 component (perpendicular to the flow in the duct) of the average. ve]oc1ty - 36—
::: of the fluid as it enters or leaves the duct. - In other words, p Pg usy : _
— represents the actual mass flux of the fluid 1eav1ng (o positive) or | —
- antermg (o negative) the duct. l - . : _
-42 ' . : - | 42—
_ 3.2.2.1.2 Static Pressure, Isentropic Flow Model with Constant : .
- : Discharge Coefficient ' H : -
::: The specific form of the source terms for side-wall venting wi]1.,J , :::
-48 depend on the shape and size of the vent-holes,con the mean flow and Mach No. 4—& 48—
_ 1n the duct and on the volume 1nto which the vents.exhaust. ' _ _
EE;] The first case considered was thét of an infinite volume into wh1ch S
jgag the side-walls vent. The gas in this infinite volume was assumed to be g;:
___§ | stagnant with fixed (constant) properties. Under these conditions, the _—
— " |properties of the gas as it enters or Teaves the duct were determined by hi L
—2a '-using quasi-steady, isentropic compressible flow -relations for flow (o - —
j;g thhuugh an ortfice. The static pressure in.the duct was assumed to be ;S:
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— the driving pressure in this first model, -rather than the total or stag- —
:f_o nation pressure. With this assumption, when -the static pressure in the 6_—
—ucé duct equals the static -pressure outside of the duct, there will be no -
e flow through the vents. Also, when there is no flow in the main duct, _
- the static pressure is equal to the total pressure there and the flow E
_1_‘_' mode] reduces to ideal flow through an orifice. It should be emphasized R
— that this model §ives the maximum ideal flow through the vents. T
—_— If the static pressure inside th‘e duct is less than the pressure 1n —
: the chamber surrounding the vented duct, \P <P \Y/then the flow will be e 1_8——
— into the duct and the inflow cond1t1q§ns are g1ven by : | —
—_— o . ) ‘ | e
— I P —_
P : 1/2 |
— M_ = min -2—(—‘:)»"’-1 ;1.0 (73 —
24 s v-1) [\P | i | , 24—
_ | . : _
— s ~ Pc / (1 M | <:74 —_
-30 : | 30—
— I —_—
B e =
T = y-1 Y-i ' -
. PS Pc / (1 + 5 MS ) ; (;75) L
—_— I mee———
~36 | | 36—
—_— _ [ 1y [ _—
_ e, = P/ [pg(v-1)] | (:76) —
— | | —
. =M <R ' | 177 —
42 usy S ~~._\Yps/ps X : (l 42—
[
T : 4 I | T
— - | : ———
. Ugy 0.0 | (178 o
:g Equation 73 gives the Mach number of the fluid as it enters the duct and Z«‘;
— accounts for the fact that the flow may be choked as it enters the ductI —
. if the pressure ratio is high enough. | Equations 74. and 75 are used to : —
:’:‘ evaluate the density and pressure oon the Mach number is known. The. { —
—543 internal energy and the y-component of the ve]oc1ty are given by Equat1on ;4___
—§ 76 and 77. In this case, when the f]ow is into the duct, the x- component —
L of the velocity is zero as it enters Iche duct. : -
—8 - | ' I —
w . I
—_— +——= -
-60 sk - 60—
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—t When the static pressure in the duct is greater than the outer chamber 6—
_ pressure (P > P_), the outflow cond1t'10ns are given by : _
—3 | | _
oy 2y 172\ (5 e | >
2 Mg = min {(Y—l) [(K -1 , 1.0 (79) 12-
_ : | : S
— ! | _
— (L | —
- = y-1 2) \r-1 _

p»—o/(1+—M ) A (80)
18 s 2 s ; _ ; 18-
_ | ' | _
——— ) ' l ———
L BT (_YT) | —
— = y-1 Y-1 ' _
— 3 P/(l s XLy ) | (81) —
24 | : 24-
_— | —_
— - i S
- € © Ps/[ps(Y'l)] o (.82) -
| |
— _ | ; —_—
-30 Usy = M VYPs/eg : (.83) 30—
———— I ——
—_ b _{- ________________ —— -
__ Usx = Y ‘ (;84) -
_ ! | .
-36 . . ¥ | 36—~
_ These equations are similar to the ones for inflow. Note that Equation 184 .
— implies that all of the x-momentum of'a gas particle in the duct is car- E——
— ried out of the duct with the vented gas Experiments which measure the -
— direction of the gas flow after 1eav1ng the vents can be used to mod1fyI —
-42 42—
- this assumption. : : -
_ Recognizing that the venting ﬂo\%/ properties given by Equations 74: —
L. . . I

- lth\rough 84 represent ideal maximums, zI:\ discharge coefficient was added | —
-48 to Equation 72 so that the expression|for line flux of mass becomes : A8—
—_— I l —_
_ | ! _
- o = Cp pe Ugy as : (|85) S
::\ ' —_—
L | ! —
-54Q The evaluation of this discharge coefficient to account for the effects: 54—
—— O e
w of grazing flow and other effects is c::onsidered in subsequent sections. : —
—_— i ———
-60 60—
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~was made to find experimental values of discharge coefficients for f]ow:

i, |
a perforated duct_(Reference\3s90. The discharge coeff1c1ent data obta1nec
by Szumowski were for flow out of the:ma1n duct only. "No inflow data were

| total (stagnation) pressure is p]otted as a function of the ratio of thé -
~on the total pressure in the duct. In1t1a1 attempts to correlate the

"iduct, as defined by Equation 75, failed to collapse the data. This may

l
8.2.2.1.3 Non-Ideal Effects
. i

The constant discharge coefficient model presented in the previous
section does not account for the effects of grazing flow on the flow |

[
!
!
f

through a side-wall orifice or an arr?y of orifices. A literature seardh.

through an orifice plate with graz1nglf1ow parallel to the plate. :

[
Szumowski (Reference§3 8» has measured values of the discharge coef-
f1c1ent for air in.terms of the.duct Wach number and the ratio of amb1ent
to stagnation pressure. Subsonic and!supersonic flows were tested. These

results were obtained spec1f1ca11y for the problem of shock wave decay v

included. ‘ | :
Another source of discharge coef¥1c1ent data was from 1nvest1gators
of sound-absorbent 11n1ngs cons1st1ng|of cavity-backed perforated 11n1ng
mater1a1 used for inlet and exhaust duct1ng of jet engines. Rogers andI
Hersh- (Reference {3-10}) ~have- obtained steady—f1ow resistanee—(AP/V) -and ——
d1scharge coefficient data for 1ncompress1b1e flow through perforated }
side-walls for both inflow and outf]ow Stokes, Davis, and Sellers I
(Referencem) have performed s1m11ar experiments for outflow only !

!

|

|

(flow out of the main duct through the perforated side- wa]]s)
]

Ah attempt was made to find a set of flow parameters which would
c011apse the out.flow data onto a single curve. The results of this effdrt

are summarized in Figure where t:he discharge coefficient based on |

flow velocity in the duct to the max1mum theoretical jet. velocity based|
data using a d1scharge coefficient based on the static pressure in the

-~ e . - I . - »
indicate that the total pressure in the duct is recovered and provides

as used here is defined by

]

' |
]

PAGE NO. C : ! L PAGE NO.
. | '

i
|
|

|
!
t
|
|
!
i
the main driving force in the ventingl process. The discharge coefficieht
! !
|
I
I
|
1
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where-c, -P,-v., -are -sound -speed,-pressure,-and-ratio-of .specific-heats,
Lespective]y; and where the subscripté t and ¢ denote total conditions
?nside the duct and ambient condition% outside the duct, respectively.
Ihe ratio of duct flow velocity to th? maximum theoretical jet velocity

is given by the expression

-
MJ

I . .
rlow Mach number. Mj depends. on the ratio of the total pressure in the
duct to the static ambient pressure and is given by the expression

y-1

=[5 -]

I
!

DOCUMENT NO. : DOCUMENT NO.
PAGE NO. C ! L PAGE NO.
I

4 - T
. I I
m ! i
Cp = .actua] ; ﬂ86)
Mideal | |
[ b
. l :
Mideal is given by : i
| : '
I
- 2. 1 |
ez e T |
Cy y-1/ P# Pe :
I
Pc 2 _%% !
Vi o ><Y+1)'Y i subcritical flow }
nos = t I 87
M deal < | (i )
v+l | |
Ce Nv-l, | |
\ P _Y__{ I
Vif 5 € Y ceritical flow !
t ~ Y- | |
l
_I_

where M is the‘duct flow Mach number énd Mj is the theoretical maximum jet

—

|
I
I
|
|
l
l
|
[
[
|

(88)

[
|
[
I
|

(89)
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o 3.2.2.1.4 Variable Discharge Coefficient Model Based on Correlation |

w ' of Experimental Results | |
.__g l i 5
- A strictly emp1r1ca] model of the discharge coefficient for outf]o; (
= was developed from the data on F1gure|-and from Perry's data on thel
:if variation of discharge coefficient with pressure ratio for a sharp edged
—_ orifice (Reference \ -12). F1gureshows the correlation curves wh1qh
_ were used. The upper curve is a fit to the upper envelope of the data :
_— of F1gureand the lower -curve 1sla fit to the lower enve]ope of thI
-18
data of Figure |3-3 A fit to Perry's data Reference 2) which is 1
- qure (3-35 y' > ( 13-1 \) is |
— strictly applicable only for zero grazing flow was used to interpolate |
- between the enve]opes' The complete fit'is given by ;
—_— Ty |
‘“ ( o) ) :
_ ] ‘czq N\ BT % (fz T f1) , (90)
— S~y | ‘ [
— where f2 and fl are functions of the ratio of the duct velocity to the :
:;8' theoretical jet velocity, and where Cﬁo is the discharge coefficient. foﬁ 30—
— a sharp edged orifice as g1ven by Perry (Referenceﬁ3 ]29. The theoretical —_
- jet veloci t"y,“v“j' , is determined” ti/_am isentropic. expansion 'fr’&m"’tﬂe—t"otaﬂ -
— pressure in the duct to ambient press&re outside of the duct. : —
— : . i ’ : —
-36 The functions fl and f2 depend on U/Vj as follows: ‘ ' l 36—
l
—_— : B | ' —_—
— fl = O.843+(U/Vj)2 3 -1. 3221T(U/Vj) [1.4349-0.94847(U/Vj)]; ; Q91) e
—_ l | -
_ - | 1) |
~42 f, = O.6+(U/Vj)2 {-0.16088+(U/VJ.) [-1.20578+0.76154(U/vj)|} . (92) 42—
- | —_—
- The sharp edged discharge coefficient'CDo depends on the ratio of the :: L
— static pressure in the duct to the amb1ent pressure outside of the duct| . —
:‘_‘E The following curve fit. ta Perry's data (Reference 3- 12_[) was used to evaﬂu— ii':
_ cn. - I | _
~‘; ate Cp,: | | { : : —
—~ ‘ - —
:’i‘ CDO = O.843+(P/Pa)2 -0,21527+(P/Pa) {-0.56085+0.53446(P/Paﬂ;: o
=549 !
%% (93) il
n i
—_ | S
— I -
—_—0 | —
W - i —
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_ Figure{3-35. An Experimental Discharge Coefficient as a Function of the —
B8 Ratio of Grazing Velocity to Theoretical Jet Velocity for —
- the Flow Out of the Duct. -
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- grazing flow. The purpose is to deri§e an empirical formula for the di%—

[
I
| C L
PAGE NO. : I PAGE NO.
| 3
}

For inflow, pressure ratio P/Pa 1% replaced by the ratio of the preﬁ-
sure outside of the duct to the stati? pressure inside the duct. Inf1oﬁ
is allowed only if the static pressure inside of the duct is less than |
the pressure outside the duct. - The iéea] flow to which the discharge' :
coefficient is applied is based on the isentropic expansion from cond1-:
tions outside the duct to static cond1t1ons inside the duct or to choked -

flow conditions if the pressure ratiolis high enough. It is assumed

1
| [
|

above that there is no mean flow in the region outside the duct, so - |
static and total pressures are a]ways‘equal there, :
| [

|

[
3,2.2.1.5 Potential Flow Model for Variable Vent Discharge Coeff1c1ents

in the Presence of Graz1ngIF10w '

In this subsection we describe alconceptua1 model which was des1gned

to provide an analytical structure for correlating the behavior of the :

-

: | U
discharge coefficients for efflux from an orifice in the presence of |

chargé coefficient which is valid over the entire range of-operating con-
ditions_and_which_does not _suffer. from the exclusion of_certain_ 11m1t1ng ]
cases (in particular, the no- graz1ng f]ow case) as do previous treatments
(e.g., Rogers and Hersh, Reference 13-10). To this end, an effort is made
to accurately represent the flow f1e1d in the duct far away from the orﬂ—
fice by treating it as the superpos1t1on of a uniform flow of velocity U
Lnd the flow due to a source or sink ?f strength m. This composite f]ow
changes smoothly in the limit as, forlexample, the source strength }
(orifice flux) or the uniform fluw veiocity go to zcro. Results descriﬁ-
ing the behavior of the "far field" f]ow are then used to determine the:
discharge coefficient from the conservat1on laws of fluid mechan1cs, unqer
the assumption that the presence of tne finite-size orifice introduces l
negligible effects on the forces exerted on the fluid approaching the :
orifice. In this report, for simp]icity, we explicitly treat only the :
case of outflow from the duct through:the orifice into an external p]enUm
of pressure Pj but the resulting corre]at1on formula is also app11ed to

the inflow case. Also, the ana]yt1ca1 formulation is restricted to 1n—'

compress1b1e flow, but the result is app11ed to the case~of- choked f]owV>/
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. i
Asymptotic Geometry of the Duct Flow Field I
e T I |
The duct is represented by the superposition of a sink and a uniform

|
flow (see sketch). This flow field i% often used to represent the flow
. A l

¥ R
, '

.

b . ] — — ‘A$3 rU— 3§ | - % f .
v m: ) - - ™
v ; e \‘ ¢
- B R | | Lo
\der’aﬁ’fhfinite, so-called-Rankine b?dy. The velocity potnetial and the
stream function are given by- = :
\ | |
[ : |
U — _:_T.-_.m_,...-__;__;__L _________________ -
—¢ %é} e l %94)
| :
bz U5 | (95)
| |
- I
and the velocity components are : I
. |
' |
=y - MX_ |
Uy U T (2 | (:96)
f |
| : :
- _Mmy 1 !
u,6 = - — == | (97)
y m Y.fx I :
o _ | [
The shape of the dividing streamline ?s given by :
: | |
I
1
x = —L— ; | (98)
tan %—. 1 I
s | :
|
| !
it hits the plane of the orifice, y =10, at a stagnation point.. :
Xs T &0 ; Q99)
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— o We use this composite model to dgdupe an expression for the netAveﬁ— 6—
4 tical force on the fluid contained be?ween the zero streamline and the wall. -
—a This force affects the momentum of the orifice flow and so acts to deten ) —
::J nine the angle o and mass flow of theIJet emerging from the orifice. There- :::
-12 fore,. it is particularly 1mportant tolaccurate]y represent the behav1or:of 12—
— the net force in the 1imit of zero grazing flow or vanishing orifice f1qw. -
- It turns out that the essential behav%or of the net vertical force can~qe -
- deduced by considering only the norma] force on the wall. The pressure | :::
-18 acting on the wall is given by Bernou111 s equation ' : 18~
- | ! —
PR [ | -
— p - P, =5 (U7 - ). | (100) —
24 i
_E_ Since on the wall (y = 0) | : Ef:
|
, | _—
! |
- = - .n_1_ l i -
u=1U ™ | (HOI) —
30 I NEARL | 30~
-30 oo p - 0U 2_3_(_5)]'_ (102) 307
o 2 x Ax 1y i
- == T T T T T T T T T T T T T T T T T 77 —
- The total force in the y direction.acﬁing on the wall is given by : :::
—_— ' : I —_
I
-36 _ . ' 36—
s Fy wall = Xs G -5, s, (103) ad
= | | -
- Ve estimate this force for the actua]lcase in which an orifice of f1n1te I
-42 ?1amctcr d_Ties in the wall hy 1ntegfat1nq Equation 103 between the foh- 40—
- lowing 11m1ts, a) from x = -L a long distance to the left of the or1g1n| -
- to x = -d /2 at the left side of the or1f1ce and b) from x = d J/2 at the ___
- r1ght s1de of the orifice to the stagqat1on point Xg s where eventua]]y the -
-48 1imit L - « will be taken. Thus, ! | 48—
—_ o [ -
_ 2. l '
pU%x 4x X | —
] (o] | S |
T w i | ham—
"543 A 1 | 54—‘
—a The terms in the. parenthesés must be ba]anced by equivalent terms in the —_—
- expression for the net force in the yld1rect1on on the dividing stream]nne, —
—n hecause the total net force must be 1ndependent of L, as L » =, It canlbe _
w N .
— y —_—
~60 6
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——(o Ishown that the pressure on the d1'v1'd1r|.19 streamline depends only on the : 6—
W bolar angle from the origin, 6, and therefore when integrating the pres-' .
—G& sure from 6 = 0 to 8 = tan~l (—TTX /L)|the resultant contribution to thel I
- vertical force after subtracting off the terms matchmg (104) will s1mp1\y :
-12 be a constant. Thus, ' I ) : 12-
—_— i _
— I ‘ ' _—
. 4 pU2xS 4x$ [ : —_—
— F = 1 - — + const ; . (105) T
y 2 d '
- o I I _
- Since we intend to develop an empirical correlation formula using experi- —
. mental data, we '"generalize" the abovc:a result by introducing two empiricfa] _
- constants. : : —
_ | N
24 |
T pU2XS Xs | ! ' : .zi—
S Fy = > K1 - K2 q : (1;06) L
S | | —_—
- [ | S
- I | —_—
-30 I [ 30—
— The Momentum Balance _J'_ I —
_ —__e——_—_— =YY —— - - —— — — — ——— —— — ——= =
- In order to calculate the flux m:through the orifice and the angle :on —_
- of the emerging jet we consider the mt')mentum balance on.the control volume :
-36 indicated in the sketch. As descmbed above we represent the net force :m 36—
— o | _
- .~! { . “' R o *—i o
_— j I . —_
— ‘ ] - — ! { S
-42 : i ' 14 :' 3 42—
—_— ! . t . —_—
- { -
— T —
-48 ’ ; 48—
—_— | —_—
— —— , l e v—
— J | —_—
- h | -
= B
549 - AL' 54
—_— PO
—_—— w ., —
. ~s / { 3 : —
—a T ~ | S —
— T ‘-:::‘: —
-60 60—
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j_o the vertical direction acting on the control volume above the plane y =10 6_:
: N . {
———§ by Equation 106. An additional vertical force is exerted on the volume by —_
;j“ the (uniform) pressure P; in the p]em;Jm. In addition to the force in trie _
X direction exerted by the pressure p; against the left hand face of the —
—1n 1 - . | i
_k control volume, which is balanced by the x-force on the dividing stream; E
— line (by d'Alemberts' paradox) there may also be x-forces deve]oped-near} —
: the corners of the orifice. These forces (F ) are allowed for in this | =
—_ analysis but cannot be estimated by s?mp]e— considerations. The equation;s —_—
:1_8_ conserving mass and momentum in the coéontrol volume are: : 1_8_—
[ )
o Continuity = m = ujhj i (1;07 N
— ' —
— | 2m | -
24 X ~momentum p(chosoc)th% - pU T F (1:08 24—
— | _
— l _—
L y-momentum o(u. s1noc)th‘:] = - Fy - (p\].—pm)dO (1}09 L
_ ; ' —
-30 To determine the mass flux we need usia only Equations (107) and (109). | 30—
— ' —
— E.r@n_(lﬂ&)________F _____ ~|L ________________ _}__ .
—— pw - p. —————
—_— u.zsinoc h, = - L+ J:d , (110 —
— J J P P | | —_—
-36 1 | 36~
| .
Udg | .
uhy = —={(cs - c )2 (111) —
JJ /7 p Yy | : _
| ' -
’ i
where I | ﬁ
p - pJ | :
=9 % [ -
CP =2 pU2 | : —
- | (112) —
Cy =2 )2/ | : 4;
oU™d: [ [ o
© | | _
C.ﬁﬁtg_g;;moké solving: forw_x% o _ ! —
. | |
w I —
O u.h d | l
< =JdJ.1 o _cy1/2 12y 54—
—& X =y T (Cp Cy:) (1i13 T
) I ! —
= | | —
a | | —_—
w 5 1
, —_—

c & | ”

-
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v ¢ |
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] [ -
LGy KKy - KpXo) !
~~~~~~ ' : (115)
I
= - !
Cp K3XS | :
I
A |
Subsituting (115) and (114) and so]vihg for X, :
| I
1 21 ] | l
Xg = - K' o+ \/Kl + K, cé (1116)
|
I
where - ——— — """~ T —TT—™— “f “““““““““““““““ 7
K | |
K v o= _1_ K U ] |
1 2 2 | |
| (117)
K.' = 1 | :
2 2 |
: .
"Furthermore, the jet mass flow is givgn by :
i t
| / P |
ujhj = nUdoXS = TrUdO [- K1 :+ K1 + K, |Cp| ]. (ﬁ18)
| ) |
|

BOTTOM OF PAGE -——‘

>

1/2 (114)

I
|
|
|
|
}
|
|
|
|
9 ]
ds w2 P y |
|

Fquations (111) and (114) are not'indépendent. They are related by
Equations (99) and (107). The functiéna] behavior of Fy (and also Fx)

|
|
I
[
|
|
are deduced from the arguments preceding Equation (105}, :
|
]
|
|
|
|

ficient CD in terms of the duct grazi%g velocity U and the driving pres!

Fure-forcc Cp which behaves proper]y‘?n the 1imit U > 0 and Cp > 0. CD:
is defined as follows: :
I
|

(119)

|
]
|
|
Jo | |
|
|
t

|
!
I

C b= |
A

i
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where

N 1)1/2

<7
]
——
nN
o
(—f
1
o
.
v -
—
~
N
]
[y
(ep]
—_—— e e e e e
P

| .
We evaluate K2' in (118) by requiringlthat in the 1imit of zero grazing
velocity the discharge coefficient reduce to the we]] known classical

value CDO

~—

!
!
I
[
: I
.= Ch U D
' !
=1
|

where the subscript ()_ refers to U =!0. Expressed in terms of V inst 2ad

0
of Cp the final expression for the discharge coefficient becomes

e e e D = e e e B e e e —

(@]
e
1]
1
=
<| [t
+
-
P
=
<| c
g
+
o
e
[e)
N
| —|
—
]
—
<| c
\/
N
| S——
——

where K =\m :\K ' 7§ to "bé determinéd” b)TL comparison with experiment.” — —

—

|

J

|

In applying (122) we take [
' |

|

|

I

. pt
CDo = fnc (53>

[ , ,
and specifically use Equation 93 to f?tKEEnry*s experimental data.\

The constant K was selected so a$ to best fit the experimental dat
presented in Figure : 3- 35!- The best fit was obtained with K = 0.21.
agreement between the model and the exper1menta1 data is quite remarkabl

as shown in F1gure\3-37}

—
=
Mo —Q e — — — =

e,

P

Equation 122 can now be directly incorporated!

I
into the FACTS code to prov1de the needed vent discharge coefficient as! <;

!

a function of the pressure ratio 1ns1de and outside of the vented duct,:

pt/pj, and the duct mean flow, U. Equation (122) is equally valid for out-

fTow and inflow. For inflow pt is the total pressure outside the ventedidu

and pJ the static pressure inside thelduct CD as derived from Eq.

[
(86) and (87) to détermine the actual mass flow through
|
Fhe vents. : } . |
d l

then used in Egns.

nNo
w
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3.2.2.2 Model for Open Ended Ducts

Side wall absorbers, if they are to be used in fusion-type lasers,

- will most likely have open-ended ducts, to reduce their flow resistance.
The interaction of the shock waves generated in the laser cavity with the
open downstream end of the acoustic duct must therefore be modeled and
incorporated into the FACTS code.

When a shock wave or other pressUre disturbance propagates through:
a duct and out of an open end, a very complicated three-dimensional un-
steady flow situation results. A simple one-dimensional model cannot
accurately predict the flow behavior near such an exit. However, it is
possible to develop a quasi-one-dimensional flow model which Wl]] agggr—

e as,
ate]y predict the effects of an open end at 1east to some time after the . = -

(1n1t1a1 shock ex1ts the open end of the duct Bhacl @xFy TES @
Previous researchers who have looked at this problem have been con-

cerned with developing a model of the open ended duct for use with method
of characteristics solutions (see References '3- 1ﬁ]and 3 14) The approaches
we use makes use of the same finite difference techn1que which was applied
to solving the equations of motion.

Variable Area Model of an Open End

In our first attempt to model the open duct, we used the code capa-
bility of solving for flow in ducts with varying cross-sectional areas.
When a shock propagates out of an open ended duct it forms a "shock bubble"
which complelely surrounds the exit of the duct. At distances from the TNy
exit which are large compared to the diameter of the duct, the flow is '

nearly one-dimensional and)}s in the direction in which the shock is
propagating (see Figure(gtgéyﬂ By letting the cross-sectional area of the cgfft” ;
duct vary with distance from the exit in the same manner as the surface '
area of the shock bubble varies, the gross behavior of the exit flow will

be approximated. The added variable area section of the duct is made long

enough so that reflections from its termination do not propagate back into

the main duct during times of 1hterest.

%3 3-61
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difference code to simulate the open end of a duct. During previous stud-
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l

\Vented Duct. Mode] of an Open End

T
[
[
I

ies (Reference 2-10), involving the vented duct concept of pressure wave
suppress1on, it was noted that when a!vented section of duct with 1arge
open area joined a non-vented sect1on, the non-vented section. behaved very

much Tike an open-ended duct. Here we deliberately use this behavior to
simulate the open-end of a duct. . Thelside-wall vent area per unit 1ength
was chosen so that in each hydrau]iC‘diameter of vented duct the vent anea
was equal to the cross-sectional area, lof duct. This amount of venting Was
found to simulate the open end qu1te we]] The length of the h10h1y ventec
reg1on is chosen so that d1sturbances,wh1ch reflect from the closed end:
of this "added-on" vented duct do not'return to the non-vented or moder-
ately-vented section of duct. Because of the 1arge amount of venting :
required to match the open end pressure decay, the length required can be
kept to a minimum. This represents an advantage over the variable area:
model in that the required number of_idd1t1ona1 nodes and the additional

computing costs can be kept to a minimum.
A !
|

3,2.2.3 Modeling of Viscous and Heathransfer Effects

To further improve and refine the predictive capabilities of the
code, wall friction and heat transfer:effects were incorporated in the
code. ’ |

: -

Viscous Effects :

|
l
!
l
|
I
[
|-
|
|
!
I
|
!
|

The actual effects of the finite:viscosity will be todeve]op'two—l
and three-dimensional boundary fayers:a1ong the walls of the duct.. The%e
effects may be approximated in a gros% sense by assuming that the effecﬁ
of the boundary layers may be treated|in an integral manner which acts ﬂn
a uniform way across the whole cross—%ectiona] area of the duct. Like;:

wise, heat transfer from the walls islassumed to affect the overall f]oﬁ

N .
rn a one-dimensional gross sense. With these assumptions, the general
orm of the source terms which account for viscous and heat transfer in

In this second approach we use tne vented duct capability of the fﬂnite

|

}

|

]

|he equations of motion can be wr1tten as: }
[

|
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~ where F is the wall shear force per unit volume acting on the f]u%d (F~> 0O

|
|
| .
= 4A/C | (128)
I
|
yhere A is the cross-sectional area of the duct and C is the perimeter.
The Reynolds number is based on the hydrau11c diameter:
puDH :
Re = I (129)
u \
|
' . .
yhere u is the viscosity of the f1u1d' The friction factor is determined

I
{
DOCUMENT NO. : DOCUMENT NO,
PAGENO. ;| _____ - C I L PAGE NO.
. [ ‘
— ek J
. S | ) 1
sy =\0) . (124)
i T ‘ i | I
- o | I
S, =FA i I (125)
2. | |
! :
S3 = QA : (%26)
]
| F

Hf u>0, F<0ifucx 0) and where Q|1s the heat transfer form the f1u1d

to the walls of the duct. A is the c?oss sectional area of the duct.

| .
The wall shear force is determined from the wall |shearistress for

steady fully developed flow. Under these conditions, the wall shear

(127)

_1
T, = ?-pulul f(Re, e/DH)

|

I

!

1

I

|

stress,Tw, is related to the flow friFtion factor by the definition: :
: | :
I |

! 1

I

| |

where f is the friction factor, Re thé Reynolds number, e the effective:

——— ———————— — o e e [ — -

hal] roughness height, and DH is the hydrau11c diameter of the duct. The
hydraulic diameter is defined by:

by the following equations taken from|Reference G§TT§):
I
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w ] - -
—& .0625l¢ + 10910 (Re/5l.02) 10910 w] s | -—
—a | | —
- f - < for Re 2 4x10 | (1'30) —_—
-12 | ; 12~
—_— | —_—
- 16/Re, | : -
_— | _
— for Re < 4x10° | : =
_— ! ! S
18 and : ! 18-
—— . ' l ity
_ e Re Re ! ' _
_ W=D, 18.57 * 1°%0 5.02 | (331) _
_— l | S
’ |
- { .
__2_4. where ¢ is found by interpolation from the following table: : Zi
_ | i —_—
_ ] | -
— W ¢ (w) | —
- | -
i
— 10 .044 I —
_— 20 .0.|29 _: _—
— 40 .018 } —
—— ‘ ———
36 102 0087 | 36—
— 103 0013 | —
— 10° 8x10-5 | _
- | _
— | o : —
-42 The F in eguation (125) is detcrmincd}from: : 42—
- ‘ | | -
—_— T Cdx | —_—
I e R S
— A L S ul (132) —
—_— | -
—_— | i —_—
-48 : : 48—
— Heat Transfer Effects : : S
—— ' USRS
—"——“ For the heat transfer model we a:ssume a constant wall temperature and o
— . ) | —
_54§ fully developed flow. The heat flux Trom the fluid to the wall can be l 54—
—a expressed as h ! ——
w |
— | l T
— l | —
—0 | |
. u t l S
-60 60—
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q = %N—” (T, - T,) [ (133)
H | !
I |
le

~ Where T is the wall temperature, T is the mixed mean fluid temperaturé,

I
-DH is the hydraulic diameter. The Nusselt number is given by the fo110w1ng

I
Nu is the Nusselt number, k is the therma1 conductivity of the fluid, and

equations which were taken from-Refer%nce Q3ﬁ]§D: !

0.6 , 0.8

1]

0.21 Pr Re

for Re 2 827
Nu : -
' 3.658

-for Re < 827

) 4 k Nu (Tm -T)

|
|
|
|
!
|
]
1
|
|
|
|
1 .
Where Pr is the Prandtl number.” The Q in equation (126) is given by:
I
!
e
!
|
!
|

Y :
3 2 2 4 Construction of wave D1agrams\
AN
I

Wave diagrams or x-t diagrams are plots of the propagation of waves

and particle paths in space and time. | They or1g1nated with the method :
kf characteristics solution to the equation of unsteady MMow in gas dy-
namics. When using the method of chafacteristics, wave diagrams are

produced practically as a by-product of that method of solution. Wave
hiagrams are a useful aid in understahding and visualizing complex un-

I

[
[

|

|

I

|

. \ H |
steady flow phenomena. When finite djfference methods are used to so]vé
the equations of unsteady flow, wave diagrams are not automatically pro:
duced. It is necessary to construct them from the numerical solution, yf
they are desired. We have modified the FACTS code to facilitate the coﬁ—
struction of wave diagrams by computer This added capability of the FACTc

code can be very helpful part1cu1ar1y:when one must look for the deta11§

of the interactions of pressure waves:with hot/cold interfaces in the pﬁes-'

sure-attenuator-ducts- t :

¢ bl
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- At a later time, if a wave diagram islidesired, a post processing pro-

is changed SO that the reflected character1st1c is followed.
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As the code is running, we create a file which contains the f1u1d
velocity, u, and the sound speed, c, ?t each node and at each time step.
gram can use the (u,*c) file to create a wave diagram. The post pro-
cessor creates a wave diagram by intergrating for particle pathé, and
characteristics:

particle paths

X, = X, * F udt

o

+ characteristics

|
N
|
|
I
|
|
|
1
| l
!
' |
' |
I I
| I
| I
i |
| !
|
| {
| |
i |
| |
| !
1
' |
|
i l
' |
' |
! |

“—
t
Xpee = %o * 8 (u+c)dt
)
- characteristics
___________ S
i . ~t oyt u -1
Xi-c = %o S u-c : ‘
|

The paths are stored -and 1ater'machine plotted. The user can specify at

wh1ch locations in the flow he wants to trace particles and character1s—
tics. The character1st1c tracers fo]]ow the particle paths in the x-t
domain until the particles begin mot1$n in the x-direction indicating
Fhat a pressure signal has arrived. ?hen'a characteristic crosses a

i
|
'}
|
|
boundary such as an end wall or an open end, the sign on the sound speed
1
I

An examp]e of the wave diagrams produced by this method is shown 1n 4

Figure]3”39, which is for a.shock tube with a 24 inch driver and a 78 1nch

driven section which was closed at thé downstream end. The air in the
driver-was initially at 80 psig and the air in the driven section was

initially at'1 atmosphere , :_

In Figure - part1c1e paths are shown as dotted lines and charac-
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rer1st1c paths as solid Tines. The ]ead1ng right running character1st1ﬁ
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' 3.2.3 Comparisons of Code Prediction$ and Experimental Results

“pressures (v 5 psi in the driver) andjh1gh overpressures (v 80 psi in the
T

T

labeled "incident shock", traces the path of the right’running shock wa&e

As the shock moves along, character1st1cs from behind bec1n to catch up'
and coalesce with the shock. The particle path which was originally atlthe

diaphragm marks the ‘interface betweenltheAdr1ver gas which cooled upon :

expansion from the driver and the sho?k heated gas which was initially :
at ambient conditions, -The particle path mark1ng this 1nterface is empha-
sized and shown as a solid Tine in F1gure The Tateral spacmg of:
the dotted (particle) lines indicate the local gas density. There was a
25% reduction in cross-sectional area:1ocated just downstream of the dr1ver
in order to simulate the broken d1aphram which constricts the flow in th1s
location. The flow through this region becomes near]y sonic. Under these
fond1t1ons signals carried by character1st1cs propagating aga1nst the fhow
will be'delayed. ‘When these choked epnd1t1ons occur. The characteristic
paths become nearly vertical Tines onlthe x-t diagram. Figure 1’nd1";—
Lates that choked conditions-at the'd%aphragm occurred twice during the:

20 millisecond period shown on this f%gure The approximate location of

the head and tail of the rarefaction: wave which propagates into the dr1ver
are-a]so_p1cked_up bthhe_character1st1c-paths on-the-wave diagram _._.4

[
Other options can be programmed 1nto the post’ processer Charactens-

tics or particle paths of special 1nterest can be spec1f1ed, add1t1ona1:

ones added at specified times and 1ocat1ons, or non-essential ones dropped
from the plot. This wave diagram p]ott1ng capabilities will be utilized,
as needed, to clarify deta11s of wavel1nteract1ons with slugs of gas ofl

varying properties, such’ as will be p#oduced in repet1t1ve1y pulsed laser

3.2.3.1 (Closed Tube.Tests ' -
! - wele

with model pred1ct1ons A 24 inch lnng driver section was fired into a:

78-inch long driven section which wasjclosed at the downstream end and :
initially at 1 atm. pressure. PressuTe histories were recorded at Statnon
1 Tocated 33 inches from the driver and Stat1on 2 located 76 inches froﬂ
the driver (2 inches from the closed end) Data was recorded at low over-

C L] |
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Pressure h1stor1es taken at two 1ocat1ons in the shock tubejwere compared. GE?“’E:”
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| eriVing at Station 2 (the first stepé, traveling two inches to the closed
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from the driver. The pulse is roughly trapézoidal in shape, the vertic%]
leading edge of the pulse indicating ihe presence of a shock wave. This
pulse reflects from the closed end as:another similarly shaped pulsed, és
indicated by the lower trace of Figurée 3-40}(Station 2). The pulse theﬁ
travels upstream and passes Station'ltwith a nearly identical shape as :

when it passed the first time. The pb1se continues upstream to the c]oﬁed

end of the driver where it reflects abd returns to Station 1 and beginsi
another cycle. ' l :
i

The two step pressure rise in the leading edge of the experimental |

e m— —— o v v— —— i et o e e — — —

data for the pulse arriving at Station'?_7§_dﬁé_£5'EHE'?ﬁEfaéﬁf_WEJé_ify-—4

. . i
end, reflecting as a jump in pressure% and returning to Station 2 (the |
second step). The model did not distinctly show this second step becau%eA
Fhe two inch zone spacing used in the:model was too coarse to resolve the

difference in arrival times be;ween-tre two waves.

Referring to F1gureas_ t1m¢la progresses the trapezoidal wave
shape becomes triangular as rarefaction waves catch up with the shock

front. The same'cyc1e.of two pulses %t Station 1 for each pulse at Sta

between model and experimental résu]t% is quite good.

I

~ 'High Overpressure Comparison :

_ The conparison Between experimen%g] and model results are .shown in,
Figure‘3—f42_ (0 to 10 'ms) and Figure||3:43)(0 to 100 ms). The early time:
results are much the same as those for Tow overpressure. The wave shapés

|
!
I
!
I
[
|
d
|
tion 2 continues with very little dec%y in shock strength. The agreemeﬁt
f
|
[
!
I
I
I

are similar to the low overpressure w?veforms and the agreement between:

are shown in Figure (3-41.P"THe pressure pulse generated by the breaking oi‘%,
' ' 1

the diaphragm propagates down the tub% and arrives at Station 1, 33 incﬁeé\-
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hriver). The data was recorded for Sbort durations (v 10 to 20 ms) and: 6::
long durations (v 100 ms). o Ve A

| N s 4
' | (22
Low Overpressure Comparison : :\\___*_;*_’,gf::

] I - .
The short duration results for the low overpressure case are shown|in 13:
. i . I

Figureil3-40jfand the long Q“CS%%O" res?]ts for the low overpressure case ‘szj:"j:ff—

\
N
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code—and—experimental—results—is—aoods .
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= EXPERIMENT.
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-

Figure 3-40. Pressure Histories for the Closed Tubg wi@h a 24" Driver at\
\ an Overpressure of 6 psi (test shown in Fig. 3-7).
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‘ 10 ms/DIV

.078 ATM/DIV

J84ATMDIY [ o n : . STA 2

EXPERIMENT
............ CALCULATION'

Figure 3-41. Péessure Histor?es for Closed Tube with 24" Driver at an
Overpressure of 4.3 psi (test shown in Fig. 3-7).
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STA 1

STA 2

Pressure Histories for Closed Tube with 24" Dﬁver at e_m—

Figure 3-42.
- Overpressure of 80 psi (test shown in Figure 3-8).

- - "~ 10 ms/DIV - i

.61 ATM/DIV STA'1

1.55 ATM/DIV STA 2

EXPERIMENT

\- . . ) ®ssresessen o CALCULAT'ON ..,..'__,,,,,_, .
Figure 3-43. Pressure Histories for the Closed Tube with a 24" Driver

at an Overpressure of 77 psi (test shown in Fig. 3-8;

\ ;no friction in the code run).;
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At longer times the model and exper1menta] results beg1n to show : ’5?5
some differences; See Figure 3”42\, N?te on Figure m that at Station l1
between the second and third (code-predicted) pulses, the éxperimental datc

1

LIS ML TIE

Chdel ! 1

|
shows secondary pressure pulses. These secondary shock waves/pressure

|
N

pu]ses first appear at Station 1 after the main pulse has passed this

I
|
|
1ocat1on on its way back to the driver. These secondary waves appear :

to be reflections from the thick a]umpnum diaphragm peta]s This be1ng|

a non-ideal process peculiar on]y to a shock tube, no attempt is made to

: |
model it in the code. : |4 ' :

f
The pulse decay'rates~shown by the|h1gh pressure exper1menta1 resu]ts|1s

faster than predicted by the code. Fr1ct1ona1 and heat transfer at thel

BEEN

-
o

BERE
]

walls, the diaphragm interactions, and turbulence at the contact surfacé

B
N

and in the boundary layers can all contr1bute to the observed decay of !

the pressure pu]se Of these, on]y'fr1ct1ona1 and heat transfer effects:

were put into the code. As d1scussed elsewhere, the frictional and heaﬁ
transfer effects were modeTed using alquas1 steady approach which uses |

|1

1ncompress1b1e steady state emp1r1ca1|models for skin friction.and heatl
transfer“"Th1$‘mbde]'1nc1udes'“'Da?a%eter (the surface roughness) wWhich~

18]

can be varied to increase the effects'of friction. Increasing the |
parameter increases the momentum removed via the source-sink term. in the
momentum equation.’ F1gurehows|a comparison for.the 1ong durat1on '
high overpressure experimental resu]ts with the code results when an ,

2|

unusually ‘high amount of friction (effect1ve roughness to hydraulic d1a-
meter ratio of ~ .15) is introduced to obtain decay rates comparab]e to

RN

I
P
N

those measured experimenta]]y - This fr1ct1on represents an equ1va1ent

measure of the total damp1ng produced|by the various processes listed

=ar11er |

3.2.3.2 Open Tube Tests
: I

_ . The same experimenta] setup and transducer locations were used in
— the open ended duct tests as in the c1osed duct tests shown earlier.

1||l°?l|$lll§lllll‘<‘?’lllll

I

|

|

|

|

! |

| |

_ |- . - |
48 - |
|

|

{

{

I

_5;8 ‘Stat1on 1 was located 33 1nches from the driver and Station 2 was 1ocated
—a 76 inches from the driver (2 inches from the open end). Again tests weﬂe
made with high (v 80 psi) and low (7 ési).driver overpressures, and dat%

—a was' recorded for 20 ms and 100 ms intérvals. : !
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Figure{3é44t Pressure Histories for the Closed Tube with a 24" Driver

at an Overpressure of 77 psi; w1tthr1ct1on and; Heat

Transfer e/DH 0.137)] in the-Code |Run.
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Low Pressure Results

The overall picture of what happéns when the closed end is replaced
with an open end is that now waves arriving at the open end are inverted
upon reflecting. That is to say, compression or shock waves are reflected
as rarefaction waves, and rarefaction waves at the open end are reflected
as compression waves. This is illustrated by the results shown in Figure

1%,‘%‘3-4§}f0f Station 1. First wave to arrive at Station 1 is aAsquare wave

headed by a shock wave. This reflects from the open end and is seen again

at Station 1 as a square pulse led byla rarefaction. The negative reflec-
tion coefficient of an open end results from the quick return of the 7
pressure there to ambient conditions, as illustrated by the measurements
at Station 2. The reflected expansion pulse again reflects from the '
closed end of the driver and passes Station 1 again as an expansion pulse

seen in the Station 1 data shown in ngure;§;46gﬁwhich shows the results <%
i WL
out to 100 ms. j Sl

The code correctly predicts the wave arrival times at Station 1, but
overpredicts the amplitude of the reflection and shows negligible decay.
This result is in contrast to the low overpressure closed end comparison
where the model results matched the data fairly well. An examination of
the open end experimental data at Station 2 (near the open end) can shed
some light on the differences between the experiment and the model pre- y
dictions, The experimental data taken near the open end (Figures\3-45{5!q !
‘g%dEQTQGﬁ- Tower traces) show the presence of hiéh frequency transverse -

pressure oscillations due to multi-dimensional wave diffraction effects
which the code does not model. Even more significant is the code pre-
diction of the open end pressure‘being below ambient during pulse reflec- . \/
tion (Figure 3?4631 ‘Clearly, this implies a stronger negative reflection agggé:;ﬁgg_a
and consequently a slower decay. It is believed that separation and vortex o
formation leading to a jet 1ike dissipative flow, which occur in the real

process of reflection from the open end, but are not modeled in the code,

are responsible for these differences.
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.of sound re]at1ve to the f]u]d cannot propagate upstream. That is. why|

~ which occurs at the diaphragm stat1onlare not included in the model. |

(v 80 psi driver overpressure) cases are shown in F1gure‘3 47”and\ V%q

These results are. quite different from the Tow pressure open end resul

I
in that a- d1st1nct repeating sequencelof sharp pulses fails to deve]op :
Onggreason for this different behavior lies in the fact that the flow y:
velocity at the open end of the duct *eaches the speed of sound (choked !
flow) just after the first shock arrives. As long as the flow remains |
choked at the exit, pressure d1sturba$ce which propagate with the speed

Fhere was an apparent delay in the arr1va1 of the rarefaction wave expec—
Fed to be.formed when the main shock reached the open end. Sonic flow 1
speed near the exit does not prevent d1sturbances from propagating towands
the exit from upstream. When the rarefact1on wave following the shock wave
arrives at the exit, the flow ve]oc1ty drops below sonic and d1sturbances
can once aga1n propagate upstream. Ia the high pressure case, d1fferenﬁes
in wave speeds alter the periodic nature of the waves observed in the Tow

pressure case. _ | ‘ _1

The pressure histories pred1cted'by the code for the. h1gh pressure:
open ended duct agree fairly we]] in an overall sense, but some of the E
deta11s of the wave structure were not predicted by the code. These I
differences between code and exper1me?ta1 data are due to two- d1mens1ona1

effects which were not modeled in thelcode In paxp}gular wave 1nter—|

!

for..thezrealzjet-1ike mu1t1 -dimensional dissipative flow processes occuﬁ-

ring at the open end. In applying the code to typical pressure wave sup-
pression problems in pulsed 1asers, 1t won t be necessary to model the '

I
#1rst two effects. The model for ope? end of the duct however, may reqqire

some improvements so that the effects|of an open end on the pressure—wa%e

can be better predicted. |
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"FigurefBZAQL Pressure Histories for Open-Ended Duct with a L4" Df{bé}
i 7 at an Overpressure of 78 psi (test shown in Fig. 3- 10)
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13.2.3.3 Vented Duct Tests

~ discharge coefficient of 0.9 and in F1gure compared with the computed

!
|
N |
PAGE NO. ! PAGE NO.
‘ |
|
!
|

8" Driver

—

|
The shock tube configuration and'test cond1t1ons for which code ca]

culations have been obtained are as fo]]ows The shock tube driver was:8
inches long and the driven section was 111 inches long. The venting began

2 inches from the d1aphragm and cont1nued for the rema1n1ng 1ength of the
driven sectijon, which was c]osed on the downstream end. The vent1ng pro-

i

duced a 7.2% open area in one wa]] wh1ch accord1ng to our code ca]cu]at1onsL

~should give a nearly optional rate of'pressure wave attenuation. A1l testt

comparisons were made for a nominal driver overpressure of 7 psi. . [
| i
Calculations were made us1ng two!venting models, the.constant CD mode]

and the variable Cp model,~which werediscussed in Section 3.2.2. 1. de
runs were made with the constant CD’ with CD values of .6 and 9 and one
with the variable CD As it turned opt the results for the variable CD'
model were nearly 1dent1ca1 to the resu]ts obtained with the constant CD
model using a value of .6 for CD Th1s result is not too surprising 1n:
view of the relatively low overpressure cases considered here, since the
var1ab1e_CD-mode1_g1ves a- d1scharge_coeff1c1ent_near1y b-for— 1ow_over_1-._
pressures Because the CD .6 and the variable CD results are nearly :
identical, only the constant C resu]ts will be compared with the experﬂ
mental data. The variable CD 1n codelresu]ts are expected to depart from

the Cp = .6 results when higher driver overpressures are considered. !

: . | '
Experimental pressure histories were obtained from the upstream end

(closed end) of the driver and 9 1nchesbdownstream of the diaphragm, at

the beginning of the.vented section. {These two pressure histories are

I
|
shown in F1gurefl—49§compared with the computedsresults for a constant |

results for a discharge coeff1c1ent of 0.6.

|
!
|
The upper trace gives the pressure history 9 inches downstream of |
the diaphragm. What is observed at the downstream station is a sudden :

|

I

rise in pressure followed by a s]ight:drop in pressure, followed again

i
by a sudden drop in pressure to a va]ue below ambient, i.e., a pressure;

pulse followed by a rarefact1on Thelpos1t1ve pulse is due to the shock

benerated by the d1aphraqm and the negat1ve pulse or rarefaction is caused

l
- - . - I -
t
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Figure 3-49. Vented Tube Test (7.2% Open) Closed-End Duct |
With 8" Driver and 6 psi Overpressure Test ° 4 >
Shown in F1gure 3-14, . .
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\‘i\ﬁgure 3 50. Pressure H1stor1es for Open Ended Duct with 24" Dr1ver
‘\ at an Overpressure of 5 psi (test shown in Fig. \3 14)- \
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A third feature to note in F1gure 3- 49 and are the presence of

]

~ ambient conditions. It may be that 1n this case, transverse osc111at1ons

. . |
to two-dimensional waves generated bylinteractions between the shock wa%e

i
I
_DOCUMENT NO., : DOCUMENT NO.
PAGE NQ, C [ __L o __PAGE NO.| _
[
| - ———

! : [
by the shock interacting with the vented region to produce a rarefaction

wave wh1ch is reflected back to the dr1ver where it reflects from the

|

(

m1g1d wall and returns to the vented reg1on :
N
[

The Tower trace in F1gure 3-49T§1ves the pressure history at the -

closed (upstream) end of the driver. At this station the high pressure:

Friver gas encounters first a rarefaction wave generated by the bursting
ﬁihphragm followed by a rarefaction w%ve reflected from the vented regidn

of the duct as- the shock passes through the vented region. The preséure
at this station returns to near amb1eht about 4 milliseconds after the

re]at1ve1y late time d1sturbance at around 16 milliseconds. This d1stur-
bance :i$: due to the return of the ma1n shock after reflecting from the :
L]osed end of the vented duct.” The f1n1te difference (FACTS) code did :
not, pred1ct the return of this shock for either value of C The oscil4
1at1ng nature of this signal which appears at a time when the first shock
exd_|
pected If at a]] the code would pred1ct a reflected shock fo]]owed by
L rarefact1on, so. that pressure wou]d'Jump up, and then decay back to ;:

or - 2-D wave patterns deve]op behind the reflected shock to give the wavy

|
pattern wh1ch was measured. This effect remains, so far, unexplained.
!

mental results occurs just after the Tain shock arrives at Station 2. ﬁt
this point in time (just after the arrival of the main shock) the measured
pressure jumps to the level behind the shock and then oscillates about :
this value for .nearly 2 m11]1seconds} This is again believed to be due
and the vent holes, which the code is{unab]e to handle at present. Theﬁe
disturbahces were apparently propagated 1ntoAthe driyer as well, as 1ndt—
cated by the presence of similar oscillations occurring at Station 1 at!
the closed end of the driver. |

96

||

. Another instance inwhich the.code predictions do not match.the equri-'

-

|

! |

! : T

| ' '
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- The %" gages_with_the recessed mounts,_used to_obtain the data_ shown
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|
These secondary disturbances ‘do not seem to affect the overa]] shape

of the pressure histories. The overa11 shape is predicted well by the !
I

[
{

| . !

A moye, deta11ed look at these data compar1sons is presented in 1

Figure 3751ﬁwhere the pressure h1story at Station 1 (closed end of dr1ver)

. : - I .
~yis shown with an expanded pressure scale. " On this scale one can see the

quasi one-dimensional model.

TS T

_
—n
.

pressure oscillations which are set up in the unvented region of the duct
When a pressure wave hits the closed end of the driver, it reflects w1th
the same s1gn When a pressure wave passes_frondthg‘unyented region_ 1nto
the vented region ayaFEEEE?E'wave of oppos{te's1gn is reflected back 1ntoJ
the unvented region of the duct1r1much the same manner-as pressure waves

are reflected from an open end of a duct The result of these waves
traveling back and forth in' the dr1ver is a "quarter-wave" oscillation.
The name quarter-wave is derived fromi the fact that the length of the

osc111at1on which is set up. !

LR F f}

|

[

|

!

| f

unvented region is nearly equal to one-quarter of the wave- 1ength of the
|

2

.___..Q— LR

in Figures| 3- 51’558f§—§é| tend to round off any pressure spike which they
see. This is the reason: for the d1screpancy between the oodé\and test re- \

-
o

. 5? _

sults near the minima of the pressureftrace “ These gages have been used

mainly to detect the small pressure "quarter -wave" fluctuations after the

'pressure in the tube has returned to hear]y ambient cond1t1ons. :,

I
This quarter—wave'osci]]ation-1s:c1ear1y,se§§ in both the exper1menta1
~data and the calculated results in F1gure 3-51. ‘ The start of the f1rstl

positive pulse of the calculated quarter -wave oscillation begins s]1ght1y

before that of the exper1ment for both values of CD. The calculated E
period is somewhat shorter than that shown by theleXperimenta] data, but
it 15 the same for both values of CD used in obtaining the calculated :
results. The amp11tude predicted by the calculations w1th CD = 0.9 waS|

|

closest to that measured in the- exper1ments The rate of decay pred1cted

LB s ]

by the code is faster than that measured.

-4

l
: |

| . i
The data near the beginning of the vented section (Station 2) is-showr

t

]

1

with an expanded pressure scale in Fibure 3-52i\ The arrival of the main
| BT .

{

I
t
]
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l .
shock was deleted from Figure 3-52; only the process of recovery to amb%ent
pressure is shown. The predicted pr%ssdre returned to ambient faster than

EDGE Of

the measured pressure did. The reason for this-difference is net clearl

]l

X . | - A .
Again, the experiments -show..the return of the main shock after being

—a
()

reflected from the closed end of the'vented duct, but the;computation’
does not. I
!
|
I
Comparisons between code ca1cu1at10ns and experimental measurements

24" Driver

NN

!
|
|
{
|
|
|
]
!

—
©

for the 24 inch dr1ver were made for:a driver overpressure of 6 psi. The
driven section was 113 inches 1ong and was vented on the top side beginning

NEnN

2 1nches from the.diaphragm and cont1nu1ng for -the remaining length of the

)
1N

driven section. The vent1ng,proddced a 7.2% open:area-in one wall. The end

of the driven section farthest from the’diaphragm was closed. :

REEN

| .
Cp was determined by using the potent1a1 flow model, Eq. (122), for both

1nf10w and outflow. The ca]cu]at1ons were carried out for 20 m1111seconds
I

w
o

from the diaphragm burst time. |

e o — e —— e — — — —— ——— —— — — — _._._____.__.__.__.____._.___.___4

Experimental pressure h1stor1e5|f0r the 6 psi overpressure cases were
_ obta1ned from the upstream end of the driver (the closed end) and 9 1nches '
“}  |downstream of the diaphragm in the vented section. ' These two pressure ,
B histories are shown in Figure 3-53 compared with -the computed results :
obtained with the venting model. 'The overall behavior of the pressure is
s1m11ar ‘to that obtained for the 8 1nch driver at.-the lower pressures; the
main difference being that the duratnon of the pulses is longer ‘with the 24
inch driver. We again have ‘the presence of a late time disturbance at aro;nd-
16 milliseconds. This d1sturbance 1s due™to ‘the return of “the main shock
after ref]ect1ng from the closed® end:of the vented 'duct. This ref]ected

shock was not predicted earlier, when a~constant CD was used, nor was 1t

IRREEEIRRRRE-IRNEN

L3 -&
w

i
i

predicted in the present ca1cu1at1ons ‘where "a“variable C model was used
Nor did the code predict many of thelsmaller osc111at1ons that appear :
‘super1mposed on the overall 'wave form. - These smalTl ‘pressure osc111at1ons
-54§ are believed to be due to two- d1menshona1 effects originating from the vents
" which are not currently modeled in the code. Aside from-the. high frequency
oscillations the code results ane‘inlexcellent agreement with the exper1me1ta1

|

measurement. | !
1 .
1

c b=l |
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o We concluded from these compar1sons that the quasi one-dimensional | _f:
___§ model gavé reasonably good overall agreement with experiment and that : —
::f“‘- using first a one-dimensional apprdach to the analysis was justifjed. I ::
= In certain instances, two-dimensional| phenomena were shown to have effects —
:13 that cou]d not be accounted for by the one-dimensional model. These ef%ects 13
—_ are now better understood and will belaccounted for in future modeling work. —_
::: The venting model is adequate for pred1ct1ng general trends, but it needs ::
S some 1mprovement if the details of the return to ambient conditions are:to —
-18. be accurate]y predicted. There are some definite discrepancies between jthe 18
- : A | —
_ code predictions and the test resu]ts} The two major ones are: - (a) the —
_ code does not properly predict the nature of the low pressure osci11at13n _
— (at the level of 10'2‘to 10'3 atm) in|and near the driver (wh1ch s1mu1ates —
—24 the 1aser'cavity), and (b) the pressure disturbances. which show up at about 24
_— . . ‘ R
S 16 msec after the diaphragm burst arelnot predicted by the code. These | —
i —_—
::: disturbances can have a detrimental erfect on the beam quality of the .
S next pulse,. I : —
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. Also shown are the typical wave interactions depicted on a X-t wave
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 experimental, with some test case comparisons with the FACTS Code.
. processed using improved 1nstrumentat1on and a digital vecorder with

" and 3- 2).
. with porous materials. ; : o

.case. of. Figure.3-26..

' was

1
- The scale length for the variations was approximately 2.5 cm, which E
i : .
' corresponds to the spacing of the vents in the flow direction: |

f 3.3.2° .Préssure Transients [ . Lo

R S T I R ,uE‘”"H:T"JMHHHJu

SOCUMENT MO,

| e DOCUMENT NO.L _

PAGE Wﬂ

e

3.3 PERFORMANCE CHARACTERISTICS OF VENTED DUCT SUPPRESSORS %
[ !
I
[

3.3.1 Evaluation of Suppressor Performance

The method adopted for performaﬁce evaluation was predominantly -
a !

o
I

ﬂ

]
i
|
|

Basically, pressure transients were heasured in the vented duct shock
tube facility, simulating the s1ng1e pulse situation in a laser, w1thout
mean flow and driver gas heating. The data was quantified, stored and
microprocessor and magnetic disk storage capab111ty The important g |
common features of the pressure trans1ents were evaluated from the data
for a test matrix of operating and des1gn parameter values.(Tables 3- 1!

A1so, data was obtained on the effect of an outer duct f111ed
i

!

In addition, the optical degradation of the medium caused by reveﬁsed

vent-flow during the undershoot phase of the:pressure transients was !

|
measured using double exposure ho1og%aphic interferometry for the test i A

eAt76.Zﬂmsec,)theﬂamenage peaktto,peak.fringeshifﬁmﬂj
.73 at .6948 ym wavelength, which~corresponds to a refractive index

-2

variation of 2.8 x 107 and a re]ati%e density variation of about 10

. [
ﬂ ﬂ\

r
L

" The decaying pressure oscillations were measured with modified
PCB 106B piezoelectric transducers at lTocations shown in Figure 3-54.

runs. Generally, the duct vented into the room for all other runs.

diagram.

a

[

!

|

The\outer duct with fiberglass packing was used only for a few final E
' i

i

E

The diaphragm burst initiates a shock wave S traveling into

: E

the vented duct and an expansion wave E into the driver. The contact g ]

‘ . T "
surface is the material boundary between the driver gas and the driven
A typical interaction with a

~The
trajectory of a fluid particle at the vent is shown dotted. A1l the ]

gas. Its trajectory is shown dottedL

vent weakens the shockwave and ref]ects a weak expansion wave e,

!
!
i
]
!

weak expansion waves further 1nteract with the vents generating a comptexj
o nal AL :
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situation with many more smaller wavés which are not shown, The expans%on.
E reflects from the end wall of the Qr1ver and foﬂ]ows the shock wave down S
the vented duct. Its interaction with the vented region reflects the smaI
cempression waves C. The expansion Javes and the compression waves reerct
back and forth between the driver endeaII and the beg1nn1ng of the vented
region in a manner. s]m11ar'to an‘orgamp1pe osc1IIat1on _ Th1s s1tuat1on:
is further compIicated by the.Varibus{ane refTections from the contact:
surface, which is a discontinuity of 'density and temperature, but in

reality is a.diffuse, turbulent region of inhomogeneous gas.
1 ;
The different waves S, E, e and IC and their occurrence at the thre

© | -
pressure sensor locations correlates well with the observed pressure

b in Figure 3-55. Basically, the

variations at these locations, as see
shockwave and the reflected expans1onlf0rm a 'top hat' pressure pulse,
wh1ch travels down the vented duct and decays The small reflections

from the pulse interacting with the vents produce pressure undulations
of only.the driver (or the laser cav1Fy) which then decay due to the

reciprocating dissipative flow through the vents near the driver. It
WS"iﬁtErestiﬁg—ta'ﬁbte_tﬁaf'E'is-tne major wave component responsible” "1™
for the pressure undershoot causing the reversed ventflow.
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12 3.3.3.; Comparisons«of*Measurements~and~Computer-Pred1ct1on5a ~ i 12
— T ! -
_— The three pressure traces of F1gure 3-55.are shown again in. F1gure'3 56 —
- on more suitable scales for compar1sob with the results of the FACTS code, —
N which are shown dotted where d1st1ngurshab1e In general, the agreement —
-18 . on this scale is excellent. It should be emphasized that there is no : . 18
—_— ~ |parameter matching involved. However{the real test of the prediction : _
- scheme is its accuracy at predicting ithe residual weak disturbances after —
S a long time. For this purpose Figureﬁ 3-57, 3-58 and 3-59 .show such coT- —_
24 parisons on a magnified scale for the residual dfiver oscillation observed - 24

at location 1 , respect1ve1y for two!dr1ver overpressures, two dr1ver : _ —
lengths and two vent fractions. | : _ : —

Although the comparisons on f1ne:sca1e appear to. support the generé]
agreement between the experiment and the computat1ons, several discrep- | —
ancies become noticable.” The agreemé%f‘is'BﬁTy“aBﬁ?6i1ﬁéte for the — 177 —
amplitude, the period and the phase of the residual organpipe osc111at1én o —
of the drivér. The rates of decay ofithe oscillations also differ between
the experiments and the computations, |and the agreement becomes poorer as _—
the oscillation amplitudes become smaﬂ]er for larger times and must then
be compared on even finer scales. : ~ . : _
-42 ~ At very large times some differert phenomena appear to'dominate the 42

acoustic perturbations as mentioned before in Section 3:1, The experiments
show wideband high frequency f]uctuatﬁons that seem rather random. Thei ' —
computationssshow no such f]uctuat1onF These f]uctuat1ons are probab]y
48 caused by multidimensional effects such as cross modes of the duct wh1ch . 48
““ the one dimensional code does not mode] -The amplitudes of such~osc111a- '
::j t1on, however, can well exceed the acceptab1e pressure levels, as seen : _
ffﬂ from the example in Figure 3-60. Here, for comparison, the noise 1eve1| ~

. l —
—54§ of the sensor is also shown. This was obtained by preventing the pressure 54
e fluctuations from reaching the sensorl with a sealed cap. Also shown aré —

the Fourier spectra of the two signétpre to emphasize:their wideband : | —_

i character. L ;ﬁ B ‘ ! —
1
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! 82.5 PSIG OVERPRESSURE, SIGNAL AT 7" FROM DIAPHR&GM IN VENTED DUCT.
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—_— Fﬁe]exam1ne the behavior of the quarter wave oscillation in this sect1on
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K334+ Performance Characteristics and Operating Parameters

, f
It is evident that the performance of a suppressor is primarily

characterized by the organpipe (or quarter wave) oscillation of the
driver or the laser cavity, with its amp11tude and 1ts subsequent decay
For ﬂong times, the high frequency f1uctuat1ons become important. t

o Rt e o o — ]

for different operating conditions ofl a given vented duct suppressor,‘and.
in the next section, for different suppressors.. The test matrix is shomn

in Tables 3-1 and 3-2. | o | :

In general most ‘of the pressure haves are effect1ve1y attenuated by
the vented duct, down to about acoustﬂc Tevels (10 -3 Atm = 134 dB) in
approximately 50 ms. The decay of the initial perturbat1on is' charac-
terized by pressure oscillations of the driver, similar to organ pipe
oscillations (quarter-wave mode) at a'low frequency ( 1000 Hz or more),
which are. initia11y smaller but persiFt much Tonger, and become the

dominant component of - the residual fluctuations in the 50 ms time sca]e
|

e——-—Ihe—Jow—frequency—r1ng1ng—ﬂs—measured-4n—terms—of-4n1t1a1-amplqtude—-—

end of the driver. The 1n1t1a1 amp11tude is specified here by the peakl
values of the first undershoot, and the following over swing of pressure,
as it settles to atmospheric pressure! These are scaled relative to the
driver overpressure for several cases|(F1gu[eE§ 61) For the high over]
pressures, the total pressure perturbat1on is seen to be suppressed by |

two orders of magnitude within the.first cycle? At low overpressures, |

of the vents and their effect on pressure waves, which produce enormous1

this is about one order of magnitude. ‘This emphasizes the nonlinear nature

Lttenuat1on at large amplitudes, but 1s far less effective for the weak|

waves. It is important to note that the abso]ute level of pressure :

fluctuation reduces to about 1/20 atmldur1ng the first cycle for most :
cases, irrespective of the driver overpressure Clearly the effectiveness
of the vented tube is excellent for pressure perturbations larger than h/ZO
atm level. Also, it should be not1ced that the shorter drivers genera]hy

show more attenuation during the f1rst period. If there is a driver 1ength

which causes minimum undershoot and over- sw1ng for this level of-ventinq,

frequency and decay rate, based on the pressure measurements at the closed

— —t
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"Figure 3-61\ | INITIAL AMPLITUDES OF QUARTER WAVE OSCILLATION
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h1t is probably shorter than those used here. The computer ‘results marked { G-
& ‘by solid symbols show the same trendSJfor this 1n1t1a1 period.
(@) - h
. |
m,.im T After the first cycle, in most cases the ringing continues for severaT
o ‘cycTes at amplitudes lower than 1/20 atm The frequency and the decay rate

N

. Tof this oscillation are difficult to determ1ne accurately, partly due to

the high frequency fluctuations. The other inaccuracy occurs because w1th
. 1ncreas1ng time the frequency increases slightly where as the decay rate

1

‘decreases. The frequency and decay: nate averaged over 2-3 cycles are | %C
o ‘g1ven below for the several cases. @ Co o
. N I
b
U
J

y The period of oscillation is scaTed with the period of the 1/4 wave

{mode of the driver (Figure3-62). The oscillation &¢learly has a lower | i
Y ‘frequency in all cases except one. (In the exceptional case, it is found d é/
' that the 1/4 wave mode is so strong]y suppressed that it is un1dent1f1ab1e,
a 3/4 wave mode is observed.) This may be because the vents do not repre-y
‘sent a completely open end, and the effect1ve mode of the pressure osc11-
ié@ Tat1on occurs farther out into the vented duct. This is consistent w1th | é@
the(fact that the r1ng1ng 1s observabTe 1n severa1 ‘cases as far out as E(HJ
two duct widths away from the d1aphragm stat1on The frequency of the { |
osc1TTat1on decreases slightly for the higher overpressures. This may be |
Lgé’ attr1buted to the lowered sound speed in the isentropically expanded dr1ver ‘ g@
3gas. The temperature grad1ents in the duct near the driver must also ; ‘ﬂ

i
n

s1gn1f1cant1y influence the osc111at1on It seems likely that the r1ng1ng”

;13 in part similar also to Helmholtz osc111at1on of the driver-vent systemT ’
ywhere the inertia of the fluid in the/ vents cannot be neglected. This i } 42

Y
K

effect is not modeled in the computatﬁons which show almost no variation

! 8 I 1
in the scaled period with the driver Jength. ﬁ -
I [
Decay rate of the oscillation is the ratio of heights of two success1Je} .
. peaks measured from the included m1n1mum or vice versa (F1gure‘3 63) !Iny L %8

.
genera] decay rates for the h1gh overpressures and shorter drivers are | T

h1gher The different temperature gradients produced in the vented duct ﬁ
[
Tnear the driver are probably respons1b1e for the higher decay rate for ] ﬂ

WTarger overpressures, in view of the fact that the amplitudes of osc111at1on

ﬂare quite comparable for all cases dur1ng this phase. Also the decay rates

_1are generally higher for ‘shorter drivers which seems consistent with the T

'trend--in-the initial amplitude .- Thus ~small-relative- undershootsvand»frr—;»J
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lundershoot. The more the venting, the stronger the returning expans1on|

‘|be of s1gn1f1cant amplitude. There 1s one exceptional case where the
~ |returned shock caused abnormally highl overswing (FigureFé-Gij
I

.jmust occur some distance into the vented duct. The less the. vent1ng, the

IDOCUMENT NO, _

- ———

. ‘ . [
over swings corre]ate with h1gh decaﬁ rates. The~computer_resu1ts shown\
w1th solid symbols exhibit a contraryltrend in the decay rate. This is:a

fmajor sign that the ventflow model is) perhaps inaccurate for the long term|-

osclljat1ons, and their-decay rate 1s:rather sensitive to the 1naccuracy

-

(3.3, 5 -Performance Character1st1cs and Suppressor Parameters [
’ By |
The direct effect of change in the vent area is observed in the 10W

frequency quarter wave osc111at1on, 1p terms of the changes in the 1n1t1a1
amplitude (undershoot and oversw1ng) ‘the frequency and the decay rate.

I

- |

These are shown in F1gure543 64 throughgg 66\respec1tve1y [
|

]
The bas1c trends in the re]at1vel1n1t1a1 amplltudes (1 e., 1ncrease

[
w1th decreas1ng overpressure and 1onger driver length) persist for other
|-
vent fractions. In addition, it is o%served that less venting produces|
smaller initial amplitudes. This is understandab]e, since the ringing 1s

from the shock- vent 1nteract1ons are pr1mar11y respons1b1e for the pressure

wave_and_the_ larger. the. undershoot_ and_subsequent oscillation. _This a]so._
explains that. 1onger drivers allow 1onger time between the shock and the
expansion, thus, more vent 1nteract1ons can occur to give a bigger under-
shoot. There is a maJor difference, however With reduced venting, the
shock wave attenuates slower "and its ref]ect1on from the far end may st111

I
T
!
I
The time periods of the quarter wave oscillation show an increase w1tt

decreased venting. This is cons1sten¢ with the idea that the vents repre-
sent only a part1a11y open end and therefore the effective pressure node

larger this d1stance (Note for a comp]ete]y open ended tube, this :
d1stance is approx1mate1y 3/4 the tube radius.). ' |
. l

"The trends in the decay rate of %he quarter wave oscillation are more
jrregular, a]though there is no doubt:that the decay rate is larger for,
less venting. At comparable amp11tude of oscillation, less vent .area !

would require h1gher flow velocities Fnd therefore wou]d cause more d1s%1-

El

!
)]
o
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Thus lower vent area fraction is;advantageous in two ways: The 1n1t1a1 J
‘ e

amp11tude of the quarter wave osc111at1on is Tower and its decay rate 1s ﬂ ' —
h1gher The disadvantages is that the shock attenuates slower and thus! |

e 1onger attenuators are required to prevent the return of a substantial 5 |
\ref]ect1on from the far end. It should be noticed that the vents c1osest Z e

- | ﬂ
- ‘to the driver contribute mainly to the advantages, where as vents far E !

‘away can attenuate the wave equally effect1ve1y Perhaps ‘the total per- %
. ;
wformance can be 1mproved with var1ab1e venting along the attenuator: '

U

3 3 5 F1ber F111ed Quter Ducts and Long Term Oscillations

v

n i
=L
[

! 18

[

\a

= d T
. g It is. c]ear that vents lose their effectiveness for attenuat1ng

\waves as the waves weaken, bas1ca11y because they represent a non11near

I

czé .' dev1ce, flow resistence which d1m1n1shes with decreas1ng amp11tudes andE' ‘

~veloc1t1es Thus the quarter wave osc111at1on decays slowly, and even E
after the quarter wave ringing has subs1ded high frequency osc111at1ons

- ‘pers1st These residual osc111at1ons‘were measured in the 30-50 ms :
30 ‘1nterva1 - Their Fourier spectra showww1de band noise with a few broad % | %@
- or indistinct peaks. No clear pattern of recurr1ng frequencies could bﬁncf
S ‘ found among the d1fferent cases. 0n1y a R.M.S. amplitude was recorded §

- n ‘(F1gure 3- 670 This was obtained from the difference between the recorded
;gg pressure s1gna1 and its smoothed versnon Two successive app11cat1ons of ; : gg
n14 point averaging were used for th1s purpose (sample interval = 50 ms)

‘The maximum noise from stress waves affect1ng the pressure gages was a1so g

\measured similarly,. for each overpressure, after mounting a sealed cap

C 4D over the pressure sensitive surface of the gage nearest to the diaphrag

= SN

42,

/ \

hstat1on Figure 3- 67 presents the r.m.§. measurements in comparison to: the
]
‘n01se values. There is adequate ev1dence that -acoustic fluctuations at’ ‘

I
[frequenc1es higher than 1 KHz exist at 107 -3 atm Tevel betewen 30 to 50 ms. B
: A porous material can ‘be more effect1ve than vents at further attenu - 48

48 i
\
’t1on of the weakened waves. Figure- 3 68 shows an example of this behav1o ‘
.

I i

1outer duct packed with fiberglass (see Figure-3- 54) The organpipe '

_—

‘by comparing a duct vented to the atmosphere and a duct vented into an

: - 84

loscillation is sfgnificant]y lower, part]y due to the influence of the

769
Ul

! . ; . . i 1
lenclosure and partly due to the increase in ventflow resistence because ;of |

Ethe porous material, expecially at the low amplitudes. b
] ! A ' '

!

A ' | T a0 1 .
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. |similar to Helmholtz oscillation, which then would be'substantia11y :

|
|
' M :
PAGF NN C | L PAGE NO
: S :
. , :
The computations have not mode]ed these effects so far. It shou]dl

be noted that the difference between ¢he prediction and the measurement|
even in the case of the bare Xented duct seems substantial in Figure 3-68
This may be because of non1dea1 behavnor of the diaphragm dur1ng burst1ng
and subsequent petal motion. These effects are found to have noticable|
influence when the driver 1ength becomes comparable to the duct cross

s !

|

I

section. ' N :
‘ . A ' |

The porous material also shows signficant attenuation of the high |

! _ » |
frequency residual oscillations (Figure 3-69). It seems likely that the

. ! . . I
high frequency fluctuations involve tpe.vents which begin to behave more
as inertance than resistance to the flow. This implies transverse modes

attenuated by the increase in vent re%istance due to the porous material.
A A . : o

. | o

Figure 3-69 also shows the wild behavior of pressure fluctuations in

the presence of the outer duct withouk the porous material. Especia]]y:
1arge are the fluctuations on a 10 ms{timesca]e. These are oscillation|

modes of the outer duct. These modes!are observable also in the presenée

|

by the viscous dlss1pat1on |
‘ |
|

3.3.7 Conclusions

_ ' o :
The performance of vented duct acoustic suppressors was evaluated
in this investigation, both by shock tube simulation and-FACTS Code =

modeling. The basic performance of: srch suppressors may be qualitatively

summarized as follows: [ :

| |
e Most pressure waves are effect1ve1y attenuated by the. bare vented
duct; below .1 atm in about 10 ms, and down to acoustic levels Q]O
atm =~ 134 dB) in approx1mate1y 30 ms. !
e The initial rapid decay of pressure waves leads into organ- p1pe,
oscillation of the driving cav1ty (after 10 ms, approximately at
100 Hz below .1 atm), which decays at slightly s]ower rates.

. H1gh frequency fluctuations (>KHz) are initially smaller, but i
persist much longer and become the dominant . component after about
30 ms at acoustic levels (10- 3 atm)., |
! |
e This performance is sat1sfactory for potent1a1 lasers driving |
inertial confinement fusion reactors (e.qg., €O, laser), and :

can be substantially improved! further by using an outer duct i

packed with a porous materiall
C |3111o§... L
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