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Abstract. Mirror jitter is a flow-induced vibration phenomenon typical of
convectively cooled optics. Flow separation points within the coolant
supply lines, mirror manifolding, and mirror coolant passages produce
internal turbulent pressure distributions, which lead to unbalanced fluc-
tuating forces and resultant mirror jitter. The author reviews the known
causes of jitter, methods to determine jitter forces as well as actual mirror
jitter, and methods to measure jitter forces. A summary of known jitter
force measurements is given, and an extensive bibliography of relevant
literature is listed. Guidelines for evaluating system jitter and avoiding
pitfalls are offered.
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1 Introduction

Mirrors intended to control a high-intensity electromagnetic
beam are generally cooled with internal coolant passages to
control thermal distortion. Figure 1 shows a typical design
that includes an entrance and exit tube and manifold areas
that lead into and out of smaller, high-flow-rate coolant pas-
sages constituting a heat exchanger. The heat loads induced
by the electromagnetic beam require flow rates in the coolant
passages such that each local Reynolds number is well above
the critical level required to produce turbulent flow. Turbulent
flow is characterized by velocity fluctuations and hence pres-
sure fluctuations. Whereas the mean and all fluctuating com-
ponents of the velocity are forced to vanish at the passage
walls, the pressure fluctuations at the wall are comparable to
those throughout the flowfield. As a consequence the local
wall pressure fluctuations combine in an integral sense to
produce a net “‘jitter’’ force on the mirror. In addition, the
flow passages within the mirror include regions of local flow
separation. Separated flow results in large-scale eddy cir-
culation that produces turbulent flow in which the pressure
fluctuations may be several orders of magnitude larger than
those characteristic of fully developed turbulent flow in a
tube. Thus, in order to understand and predict the fluctuating
force produced by the coolant flow, one must predict the
position and spatial scale of flow separation. The fluctuating
force is reacted by the mount supporting the mirror. The
flexibility of the mount results in dynamic jitter motion of
the mirror.
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With the exception of acoustic excitation, cavitation, and
fluid-elastic coupling effects, a general procedure is devel-
oped that will calculate the net jitter force and vibration re-
sponse produced by the coolant flow, based on dimensionless
data found in the open literature. As a consequence, it iden-
tifies the required parameters necessary to describe the force
and response, and demonstrates the influence of each param-
eter and of variations in the flow configuration. Based on this
information, several design techniques are presented that can
be implemented to reduce the mirror jitter response. These
techniques are aimed at reducing the magnitude of the forcing
function and reducing the magnitude of the mirror-mount
response to a given force. This report discusses how coolant-
flow-induced forces and motions that have actually been mea-
sured and reported have provided a broad data base and al-
lowed verification of jitter predictions. Finally, a mirror-
mount system design example is presented, which illustrates
how the aspects of vibration control discussed in this paper
are integrated into the design of a high-performance optic.

2 Flow-Induced Jitter Force

The theoretical development of the procedure for evaluating
the coolant-flow-induced force, as explained below, was car-
ried out by Dr. R. K. Irey, University of Florida, Gainesville,
working as a consultant for United Technologies Research
Center (UTRC) in the summer of 1982.! Dr. Irey reviewed
a large volume of technical literature for relevance to the
subject of coolant-flow-induced forces; those that supported
the development are cited in Ref. 1, and are reprinted herein
for completeness.>®°> A summary of that work, along with
much of the application technology developed at the UTRC,
is given in the following paragraphs.
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Fig. 1 Typical mirror geometry for a simple two-pass heat exchanger.

The fluctuating jitter force can be approximated as an
integral of the pressure fluctuation over the interior wall sur-
face of a flow system:

F'(t)%ff p'(x;t) cosb(x) da . %))
A.\'

The power spectral density of this fluctuating force follows
as
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which is defined in terms of ¢, the auto power spectral density
of the fluctuating pressure, and p, the cross power spectral
density correlation function. The correlation function is de-
fined as
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1t is not uncommon for the range of p(x,;X,;w) to be much
smaller than the physical dimensions of the body whose jitter
force is to be determined. In such cases it is useful to define
a correlation area (assuming homogeneous turbulence):

Ay ()= f f  p(rmiLiw) dn dL (4a)

where m,{ represent the longitudinal and transverse devia-
tions from x. In most instances the available map of
p(x ;X 5;w) will be incomplete. For such cases, a partial map
is most likely to include pure longitudinal and pure transverse
correlation lengths:

Ln(x)=f p(xm,0,w) dn , (4b)
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L= f p(x:0.L;0) dL . (4c)

The relationship among the definitions'? implies that
An.§<Ln L. Also, for the case of short-range correlation we
have &(x+ {;w)~d(x;w) and cosB(x + {)~cosx. Then the
PSD of the fluctuating force can be simplified:

PSD- ()= [ dlxiol(xiw)L(xiw) cost(a) da
As

&)

When applying Eq. (5) it is practical to assume that ¢,
L,, and L, are constant functions of position x, and further-
more that L, and L, are constant functions of frequency w.
Then the PSD of the jitter force can be approximated as

PSD(w)~L, LAd(w) , ©)

where

Assz cos?0(x) da . M
Ay

Data for ¢ are available in the literature in dimensionless
form:

2
@(ﬂ)=d—q”—‘z-¢(w> , @)

where () is the dimensionless frequency, ) =wd/2u, and
Q) is the dimensionless pressure PSD. Examples of these
dimensionless data sources are shown in Figs. 2 and 3(a).!>!?

For many typical mirror manifold geometries, @ will not
be reported in the literature but the length variation of
(p'/g)* will be available. Figure 4 shows an example for a
sharp right-angle turn.'* In the absence of resources to mea-
sure @, it is practical to assume a function @ and scale it to

2

the correct rms value by (p'/¢);...- These dimensionless func-
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Fig. 2 Dimensionless pressure spectra for fully developed turbulent
pipe flow.
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Fig. 3 (a) Dimensionless wall pressure spectra. (b) Tube force PSD.

tions can be substituted into Eq. (6) to reduce the jitter-force
PSD to a form that is easily calculated from data that are
currently available:

_ Fd(p'\, )
PSDF’(w)~LnL§AS 2 (;) rms?o’— ' )
The rms fluctuating force is computed by
N2
(F')2, o~ j PSD,(w) do=L, LAq" <%> , (10)
rms

and the fluctuating-force PSD can be written in terms of
(F s

, 4 2
Mom B,

PSDp.(w)=(F") (11

An example of the use of these equations is shown in Fig.
3(b), where the dimensionless data from the open literature,'?
shown in Fig. 3(a), have been substituted into Eq. (9). The
result is a force PSD in engineering units for a pipe segment
with a sharp right-angle turn. In Fig. 3(a), case | represents
fully turbulent pipe flow, where the correlation area is
d?/48. Case 2 represents separated flow, where large eddies
cause large correlation areas, from 20 to 100 times the value
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Fig. 4 Distribution of dimensionless rms pressure fluctuations with
tube length for a sharp right-angle turn. Separation sources: sudden
sharp turn, sudden expansion/contraction, orifice. High-pressure
fluctuations persist 50 to 100 diameters.

in case 1. This example illustrates the potential for deter-
mining jitter forces for real hardware without measuring ac-
tual pressure fluctuations.

3 Flow-Induced Jitter Motion

The rigid-body motion of a mirror can be described by six
independent degrees of freedom (DOFs), and the jitter motion
of a mirror is adequately described by these rigid-body DOFs.
The jitter motion is then related to the jitter force by a 6 X6
transfer-function matrix [H}, where h;; is the motion in the
i direction due to the jitter force in the j direction. Each
component is complex and a function of frequency. The jitter-
motion PSD is completely defined by®®

[8]psp = [H1[Flpsp(H*]" , (12)

where [8]psp and [F']pgp are the jitter-motion and force ma-
trices, respectively. Their diagonal elements represent auto
power spectral densities, and the off-diagonal elements rep-
resent cross power spectral densities. The matrix [H] can be
computed by analytical methods for simple mirror-mount
systems, computed by numerical methods such as finite-
element analysis, or determined experimentally.

4 Vibration Control

The goal of jitter control is to reduce mirror motion and
subsequent high-energy laser (HEL) beam error. This goal
might be approached through active control techniques, for
instance, by incorporating a fast-steering tilt mirror. How-
ever, the problem arises that the jitter-motion PSD may be
distributed over a large bandwidth approaching 2000 Hz, and
current tilt mirrors cannot control mirror motion to that high
frequency. Further, sensor noise and control-system limita-
tions make active beam control at very low jitter levels dif-
ficult even at much lower frequencies.

A more practical approach is to incorporate an under-
standing of the jitter-force phenomenon into the mirror design
process to reduce jitter motion. Several techniques are avail-
able to the designer to improve the performance of the optic:

1. Adjust the parameters of the jitter-force equation (10)
to reduce the force applied to the mirror.
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. Design a stiff mount to reduce the forced response of
the mirror to the jitter force.

3. Use a stiff mount design together with a flexible no-
load fitting to decouple the mirror from plumbing ex-
citation caused by pumps, motors, ground vibrations,
etc.

4. Add damping to the mirror-mount system to reduce the
mirror response.

The parameters of the jitter force are defined by Eq. (10).
These parameters are proportional to certain ‘‘controllable”
flow variables such as the volume flow rate, coolant mass
density, passage length, flow separation strength, number of
passages, and total flow area. Substituting these variables into
Eq. (10) gives

Q' B Lk

Force PSDNT . (13)
where

Q = coolant volume flow rate, m’/s

B = coolant mass density, kg/m*

L = conduit length, m

k = flow separation strength parameter

N = number of passages

A = total flow area, m? .

Thus the jitter force can be reduced as shown in Eq. (13)
by using a lower-density coolant (ammonia rather than
water), using shorter conduits, using large inlet flow areas
with as many inlet tubes as possible, and (especially)
designing for a lower flow rate. Also, eliminating flow-
separation geometries within the mirror, where possible, re-
duces the overall force acting on the mirror. For instance,
tapered expansions could be used instead of orifices, and
corners could be rounded instead of sharp.

When the mirror is constrained in a mount system, the
mirror response is described by the narrowband response’’

F
nggz 1 PSD(fn) ) (14)
S el mPf?

Given that observations show that the force PSD is usually
a constant or decreasing function of frequency, then raising
the natural frequency of the mirror-mount system, f,, will
reduce the magnitude of the mirror response Z. More spe-
cifically, increasing the stiffness of the mount, for a given
mass m, will decrease the mirror response.The key to low-
jitter mount design is to design for a first mount resonance
that is as high as possible. While it is possible to match a
higher-frequency disturbance with a high mirror resonance,
such disturbances are usually smaller in magnitude, and tur-
bulence excitation is usually sufficiently broadband to excite
any lower mirror resonances much more than higher ones.
In practice, first resonance has been found to be an effective
and reachable goal.

Making the mount stiffer has another advantage: it isolates
mechanical-borne vibration of the plumbing from the mirror.
Mechanical-borne vibration can arise from a variety of
sources, including pumps, motors, blowdown facilities, water
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chillers, and acoustic noise. The mount stiffness attenuates
the plumbing motion by reacting out the excitation load
through the base. In many cases, the mirror is mounted sep-
arately from the coolant supply lines, which are supported
by a coolant coupling support bracket. The support bracket
reacts the plumbing excitation loads without providing a di-
rect Joad path to the mirror. These designs also incorporate
a pressure-balanced coolant transfer fitting, or ‘‘no-load”’
fitting, that eliminates axial static pressure forces and atten-
uates dynamic jitter forces from the mirror and the mount
that supports the mirror through the flexible O ring. The no-
load fitting shown in Fig. 5 uses a pressure-force reacting
piston that is mounted to the support bracket. This piston
transfers the axial static pressure and dynamic jitter loads to
the bracket, thus isolating the mirror and its mount from these
loads. The no-load fitting is mounted in the support bracket
in a self-adjusting ball joint that prevents mechanical-borne
loads from being transmitted to the mirror. Summarizing, the
mirror can be isolated from both mechanical- and fluid-borne
plumbing excitations by providing an excitation load path
away from the mirror.

Another technique can be applied in the design of the
mount to reduce mirror jitter motion: constrained-layer damp-
ing of the mount. This technique has been developed and
applied to pulsed-laser resonator optics to damp out mirror
motion caused by a periodic pressure pulse.®® Similarly, con-
strained-layer damping could be used to minimize the mirror
response to internally generated jitter forces. As stated earlier,
the response of the mirror-mount system is narrowband, and
the maximum resonant response of the mirror is inversely
proportional to the mount damping ratio {. This ratio in turn
is proportional to the strain energy dissipated by the visco-
elastic material in a vibration mode.®® The design of the
mount can effectively utilize damping to maximize {. In one
design of a pulsed chemical laser mirror, a mirror-mount
system achieved damping ratios on the order of 15%, two
orders of magnitude greater than that of an undamped mount.

5 Jitter Forces in Coolant Flow Systems

A pioneering study of coolant-flow-induced forces in a large
system was carried out at the AFWL on the Airborne Laser
Laboratory (ALL).”>7" The primary techniques used to re-
duce a large-system jitter problem included the use of show-
erhead orifices, flexible hoses, and mechanical isolation of
certain parts of the system. A 75% reduction of system jitter
was subsequently accomplished. A study to characterize the
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—Flow
- | Bl i (0)-(®
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Fig. 5 Load-balanced coolant fitting used for plumbing isolation.
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ALL jitter and predict its magnitude from known disturbances
and system dynamic characteristics was later carried out.”

The key factor in determining the presence and magnitude
of coolant-flow-induced forces is the flow Reynolds number
Re=ur/v, where v is the kinematic viscosity, u the mean
flow velocity, and r the pipe radius. For Re <2000, laminar
flow will exist and forces are greatly reduced. For Re > 4000,
the flow will be turbulent, and significant-flow induced forces
are possible. Flow perturbations such as sudden diameter
changes, valves, and orifices cause flow separation and large
flow-induced forces. Nominally laminar flow will allow rapid
reattachment of flow, minimizing the perturbation effects,
whereas turbulent flow will prevent flow reattachment and
will propagate the forces for hundreds of pipe diameters
downstream of the perturbations. Determination of the mag-
nitude and spectrum of these flow-induced forces is possible
by employing the method outlined above and dimensionless
published data. References that are particularly useful in cal-
culating the jitter forces caused by flow perturbations such
as sudden diameter changes and right-angle turns include Bull
and Norton'3 and Mabey.>' To counter the effects of pressure
fluctuations produced by pumps, Carey®® describes the suc-
cessful design and construction of an acoustic filter in detail.
Although the standard practice has been to use a pressurized
blowdown coolant system to avoid pump pressure fluctua-
tions, Carey’s work shows that pumps can be used success-
fully.

6 Measurement of Jitter Forces
The jitter force is related to the jitter motion by

[A}=[H][F1[H*]", (15)

where [A] is the acceleration matrix and is measured directly
as discussed above. This equation assumes that [H] is not a
function of flow, which may not be true in all cases. The
diagonal elements of [A] represent the auto power spectral
densities, and the off-diagonal terms of [A] represent the cross
power spectral densities. The transfer-function matrix [ H] is
also measured directly using the impact hammer technique.
The components #;; represent the output acceleration of DOF
i divided by the impact force in DOF j; I;; is defined in the
frequency domain. The output acceleration is measured with
special low-noise accelerometers, and the impact force is
measured using a quartz force transducer on the impact ham-
mer. The components h;; are computed using a spectrum
“analyzer. The jitter forces are calculated by computing the
inverse of the transfer-function matrix and its complex con-
jugate, and pre- and postmultiplying Eq. (15) by {H]™' and
[H*177, respectively. The resulting equation for the jitter
force matrix is

[F1=[H]"'[AI[H*]"" . (16)

The diagonal elements of [F] represent the force auto power
spectral densities, and the off-diagonal terms represent the

cross power spectral densities. The matrix [H] contains all
the structural dynamic information of the mirror-mount sys-
tem as flow tested, and therefore accounts for all system
resonances. Figure 6 shows an example of how the matrix
[TF] (or {H]) accounts for a system resonance at 200 Hz,
and removes the peak in the response data from the force

{Fpsd} X [Tﬂz = {Apsd}

Dynamic transter 2 Mirror jitter
Mirror jitter force function acceleration
Lb 2 x| 2 G2
Hz % ™ " he
o 400 o 400 o 400
Frequency Frequency Frequency
- - S— — ~ —

Dynamic mirror water
fiow induced forces

Obtained by impact tests
of the mirror in 6 D.O.F.

Measured mirror
jitter data

Fig. 6 Data-reduction technique that removes mirror-mount reso-
nant response from jitter-force PSDs.

PSD. Without using such a technique, force PSDs are inev-
itably colored by mount-system resonances.

During the period from 1983 to 1990, a number of flow
tests were carried out on a wide variety of optics in which
the procedures described above were utilized.”>"*° The mir-
rors evaluated included conventional channel flow, hole
scraper, heat pipe, phase-change, and low-velocity cooled
glass types. The published data are similar to the curves
shown in Fig. 8 and can be useful in designing suitable mirror
mounts.

7 Design Example: a Typical Two-Pass Mirror

The mirror selected for analysis is one with a typical two-
pass heat exchanger and represents a good example of how
the various aspects of jitter control analysis are integrated
together in the actual design, analysis, and testing of a mirror.
The mirror is 13 in. in diameter with the following coolant
flow characteristics: 50-gal/min flow rate, 450-psi inlet pres-
sure, 50-psi exit pressure. The mirror had a design goal that
the RSS total of the rms jitter rotations around three axes
was to be less than 0.72 prad. The design procedure was:

1. Determine the jitter force acting on the mirror.
2. Design the mirror-mount system for low response.

3. Determine the response of the system and whether the
design goal is satisfied.

4. Verify the analytical predictions of jitter force and mo-
tion by testing the mirror system hardware.

A cutaway view of the mirror is shown in Fig. 7, iden-
tifying the locations of flow separation by shading. The jitter
force is computed by assuming that these are independent,
uncorrelated turbulence sources. The force PSD of each in-
dependent source is determined using Eq. (9), and these PSDs
are RSS’d in a global coordinate frame.! The resulting force
PSD is listed in Table 1.%! The forces acting on the mirror
and on the coolant supply fitting are tabulated separately. A
graphical summary of the force rms for various locations is
also shown in Fig. 7, and it is evident that manifolding is the
dominant source of jitter forces.

The force contribution from the heat exchanger of the
mirror is negligible compared to the contribution of the cool-
ant inlet and exit ports and manifolding. This is because the
flow through a single manifold is the same as that through
the entire heat exchanger, but the number of conduits {N in
Eq. (13)] is 400 times larger. So the total heat-exchanger
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Fig. 7 Distribution of jitter forces within a typical high-energy laser
mirror.

Table 1 Coolant-flow-induced loads.
MIRROR COOI.ANT SUPPLY FITTING
FREQ PSDy PSDy PSD, PSDx PSDy PSD.

Hz IbYHz IbW“Hz 1W/Hz WWHz Ib/Hz bz

5 925E-5 8.18E-5 1.07F.S 0 173F-6 1.23E-6

10 1.68E-4 7.13E-5 7.15E-5 0 287E-6 2.87E-6

100 1.75E-4 7.14E-5 6.25E-4 0 299E-6 299 E-6

200 1.94E-4 6.21E-5 213E-5 0 123E-6 1.23E-6

400 1.37E-4 330E-5 4.16E-5 0 3.59E-7 3.59E-7

force contribution for 400 passages is only 7% of the force
contribution from one manifold slot, and the heat-exchanger
contribution becomes a small percentage of the total mirror
force. This implies that the mirror designer should focus his
concern on reducing flow separation points in the inlet and
exit ports and mirror manifolding.

A comparison between theoretically calculated and mea-
sured jitter forces is shown in Fig. 8. It is evident that although
the fine structure of the PSDs cannot be predicted without
more detailed calculations, the magnitude and frequency
trends of the predictions are remarkably close to the test data.

The mirror mount was designed using the second tech-
nique discussed herein: provide a high mirror-mount system
resonance to reduce jitter response. A design goal was es-
tablished that the fundamental mirror-mount system reso-
nance was to be above 200 Hz. Previous experience has
proven that such a system provides a stable response with
low jitter motion, and is an achievable goal. The conceptual
design of the mount, shown in Fig. 9, consisted of a 3-in.
base plate supported on four legs. The mirror supports and
water-hose supports are attached to a 1.5-in. top plate, which
rests on a 1.5-in. intermediate plate. A NASTRAN finite-
element model was used to complete a modal analysis of the
conceptual design. Several design iterations were made until
the first resonance was raised 1o 170 Hz, a good first ap-
proximation of the 200-Hz goal. A NASTRAN forced-re-
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Fig. 8 Predicted jitter force PSDs are close to measured values
from flow tests.
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Fig. 9 A low-jitter mount design with plumbing isolation and high
stiffness.
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sponse analysis was then used to determine the mirror-mount
system response to the input loads listed in Table 1. The rms
responses (0-500 Hz) calculated by NASTRAN for the mir-
ror are summarized in Fig. 10. The total RSS system response
was estimated to be 0.067 wrad, well below the 0.720-prad
goal.

The mirror and mount were instrumented, and the coolant-
flow-induced mirror motion and forces were measured. The
accelerations are related to the impact forces by the measured
transfer function matrix [ H):

{Ay=[H){F} . a7

The impact forces are related to the six independent global
forces by the matrix [G]:

{Fat=[GI{F} . (18)

Now, the acceleration can be expressed as a function of the
global forces by inverting Eq. (18) and substituting in Eq.
(17):

{A}=1H1GI" HFg} (19)
{A}=[D){Fs} . (20)
Finally, the force PSD can be expressed in terms of the mea-

sured acceleration PSD and modified transfer function matrix
by
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Fig. 10 Mirror jitter PSD from flow test; comparison of predicted,
measured, and ailowable rms jitter.

{FG}PSDz[D]_I{A}PSD[D*]_T . (21

The measured motion and forces agreed well with the
analytical predictions, and the measured displacements were
well below the 0.720-prad design goal. These results are
summarized and plotted in Fig. 10.82 The RSS angular dis-
placement is 0.110 prad, well below the 0.720-wrad goal.
Although the predicted jitter of 0.067 wrad was significantly
lower than the 0.110-prad value, it correctly predicted that
the performance would meet the design goal by a wide mar-
gin. Thus the utility of this design approach has been clearly
shown, and a similar procedure is recommended for use by
the community.

8 Conclusions

The preceding sections have developed a theoretical basis
for calculating coolant-flow-induced jitter forces, illustrated
how to calculate forces from previously published data,
showed how to measure jitter forces and compared data with
predictions, listed the major factors controlling jitter forces,
and demonstrated the importance of high-stiffness mount de-
sign in achieving design jitter goals. The following conclu-
sions can be drawn from these developments:

1. Coolant-flow-induced forces can be minimized by:
controlling flow parameters

b. avoiding separation from orifices, valves, and turns
c. minimizing flow dynamic head

d. careful mirror design

e. calculating jitter forces.

»

2. Low jitter mounts are achieved by:
a. isolating plumbing
b. designing for 200-Hz first resonance
c. calculating jitter forced response and redesigning if
necessary.

3. Jitter forces can be calculated on an absolute basis
without adjustment factors.

4. litter forces can be measured independently of mount
resonances.

9 Nomenclature

a; = radius of pipe i
A = total flow area

Ant = correlation area over longitudinal and trans-
verse x deviations

d = pipe diameter

da; = differential area i

[F'lpsp = matrix of force PSDs

F'(1) = fluctuating jitter force due to wall pressure
fluctuations

[G] = matrix relating impact forces to global
forces

[H] = frequency-dependent dynamic transfer-func-
tion matrix

k = flow separation parameter

L = conduit length

L, ' = transverse correlation length

L, = longitudinal correlation length

N = number of passages

p'(x;) = wall pressure fluctuations with time at posi-
tion x

PSD(w) = power spectral density of fluctuating force

q = dynamic pressure, 1/2 pu*

Q = coolant volume flow rate

Re = Reynolds number

u = pipe mean flow velocity

U, = centerline flow velocity

X; = distance in the i direction

y(f) = see ¢p(x,w) below

Greek

B = coolant mass density

[8lpsp = matrix of motion PSDs

4 = critical damping ratio

0 = circumferential angle inside a tube
p(x,;x,; w) = cross power density correlation function

b(x,0) = auto power spectral density of pressure at
position x

DY) = dimensionless auto power spectral density
of pressure

Y(x,;x,; ) = local cross power spectral density of pres-
sure

) = circular frequency

Q = dimensionless frequency, wd/2u
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