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NOMENCLATURE

Instability function for fluidelastic{stiffness;controlled instability

Cg =
Cg = Instability function for fluid-dampiné?controlled instability
= Tube diameter
f = Natural frequency |
m = Mass per unit lengtﬁ of tube{i |
P = Tﬂbé pitch
Q = Shellside flowrate : . :
T = Transverge spacing of tube
L = Loﬁgitudinal spacing of tube, i
U = Mean cross fiow velocity through giniéum gap
z = Modal damping ratio
p = Fluid dénsity
= Overall (inlet—to-dqtlet) pressure dréﬁ.
Superscripts f
| v = In Qacuo>(1n air) coﬁditidns ) '
w = In water condit;ons |
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ABSTRACT

Tube vibrations in heat exchangers are being systematically studied in
a series of tests performed with an industrial-size test. exchanger. Re-
sults from flow tests of nine different tube bundles, in a basic S—baffie,
6-crosspass éonfiguration on a 30°-triangular layout with a pitch-to-
diameter ratio of 1.25, are reported. The test cases include a full tube
bundle, no-tubes—in-window bundle, finned tube bundle, and several proposed
field fixes. The testing focused on identification of the lowest critical
flowrate to initiate fluidelastic instability (large amplitude Eube motion)
and the location within the bunﬂle of the tubes which first experience-
instability. The threshold flowrates afe determined from a combination of
methods based on sensory ‘observations, vibrétién amplitude data, and fre-
quency response information. Pressure drop data is also generated and

reported.

viii



I. INTRODUCTION

Tube vibrations in heat exchangers are being systematically studied in
a series of tests performed with an industrial-size test exchanger. The
tests are part of an on-going Heat Exchanger Tube Vibration Program1 spon-
sored by the U.S. Department of Energy as an element of the Physical
Processes Project within the Energy Conversion and Utilization (ECUT)
Program. The Heat Exchanger Tube Vibration Program also includes the
development of a data bank of field experiences with tube vibrations, and
dissemination and use of the data to develop and validate prediction
methods and design guides. It is significant that Heat Transfer Research,
Inc. (HTRI), a not-for-profit research organization with over 150 members
representing heat exchanger designers, manufacturers, and wusers, is
retained as a consultant to the program. HTRI provides an important link
with industry and needed input relative to designs of interest, design
fixes, prohlems experienced, and the like.

Tubes in a heat exchanger will vibrate at virtually all flowrates to
which they are exposed. At low flowrates the response is of low amplitude
and typically random in character; a number of the closely spaced coupled
modes are excited. These vibrations are generally acceptable; however,
consideration must be given to the potential for long term wear at the
tube/support interfaces. When the shellside flowrate is increased to
exceed a threshold value, fluidelastic instability occurs. This 1is an
excitation mechanism respouslible for large amplitnde vibration which, among
other things, can result in tube-to-tube impacting and cause rapid tube
failure. As such, it 1s the mechanism of most concern to designers and is
the focus for this testing program.

A test exchanger, representative of a segmentally baffled, industrial-
size, shell-and-tube heat exchanger has been designed and fabricated
specifically for this test program. The exchanger is shown in Fig. 1 as
installed in the Argonne National Laboratory's Flow Induced Vibration Test
Facility (FIVTF), and is described in a later section of this report.

Tests with eight-crosspass (seven equally spaced baffles) bundles on a
30° triangular layout with a pitch-to-diameter ratio of 1.25 have been com-
pleted and reported.2 Five different test cases were studied. These in-
clude three different inlet/outlet nozzle diameters for both full bundle

and no-tubes-in-window (NTIW) configurations. In summary, results from
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these tests showed that tubes in the first two rows past the baffle cut in
the far window region, oﬁposite the inlet/outlet nozzles, are the first to
experience iristability. As the flowrate~ is 1increased further, adjacent
groups of tubes in the far window region participate in the instability.
Typically, hysteresis is observed in the sense that the flowrate at which
instability ceases 1is below the threshold value for the onset of 1nstab117
"ity. Also, for the range ofidiameters tested; inlet/outlet nozzle éize‘did'
" not have a significant effect on critical flowrate.

This feport presents the results of tests with six-crosspass (five
equally spaced baffles) bundles, also on a 30° triangular layout wiﬁﬁ a
pitch to diameter ratio of 1.25: Ten.different test cases are reported.
The test cases include a full tube bundle, NTIW bundle, finned tube bundle,
and several proposed field fixes. As in the  previous tésté with eight~
' crosspass-bﬁndles, the priﬁary objective of the testing is to determine the
crifical floﬁrate for fluidelastic instability and to identify the loca-
tions within the bundle of the tubes which first experience instability.



. ITI. BACKGROUND
" Fluid structure coupling in closely spaced tube bundles and fluid-
elastic 1instability phenomena have been the subjects of a considerable
number of research studies during the last decade. 1In particular, several
recently published papers3-5 have contributed to our understanding of
fluidelastic instability in tube bundles.  These new results are useful in
interpreting the subject tests and consequently will be reviewed below

along with criteria for determining the critical flow velocity.

A. Instability Mechanisms

4 Chen uses a 'previously developed

In a two—part, benchmark paper;3’
mathematical model. to examine the mechanisms responsible for fluidelastic
instability and to develop stability criter.ia. From an analysis of the
equations of motion for a group of cylinders, it 1is found that there are
two .types of dynamic instability: fluid-damping-controlled instability and
fluidelastic-stiffness—controlled instabilif:y. .

¥luid-damping—-controlled instability 1is caused by the fluid damping
force. When the flow velocity exceeds a critica‘l value, the modal damping
becomes negative and the system becomes unstable. Tube velocity is the
controlling feature and vhence the mechanism may be referred to as a
"velocity mechanism.” The instability mode will be one of the classical
modes. An important feature of this type of instability is that fluid
damping coupling with other tubes is not a necessary condition. Conse-—
quently, a single elastic tube in an otherwise rigid array can experience
instability. |

Fluidglastic—stiffness-controlled instability 1is the dynamic insta-
bility caused by fluidelastic forces. Tube displacement is controlling in
this case and the tﬁechanism is called a "displacement mechanism.” the
fluidelastic forces contribute to modal damping of the coupled modes and
way aét to reduce damping. When the modal damping becorﬁes zero the system
becomes unstable. In this case, the instability mode is not one of then
classical modes; phase difference among the tubes is the essential fea-
ture. Fluidelastic coupling between adjacent tubes is a necessary condi-
tion and a single -elastic tube in a rigid array will not lose stability by
this mechanism. ' »

In general, both fluidelastic and fluid damping forces contribute to
the dynamic instability. While a closed form solution cannot be obtained



for the general case, the stability criterion can be written in functional

form as3

= F (_Ef" C,'§ . %-, turbulence characteristics) . (1)
pd '

L
fd

" In gas flows the instability is dominated by the displacement mecha-
nism and is fluidelastic-stiffness—controlled. The stability criterion can

be written in closed form as3

U\ _ /T7 2nza
(&7) =¢— =9)
' f pd

. L - ()

In liquid flows the instability is fluid—damping—controlled and' attributed

to the‘velocity mechanism.. The stability criterion can be written as3
Uy _ 4 (2utm o ' .
(ﬁ')"c'( ) - C o A -3
g rd

In Eqs. (2) and (3) the parameters Cf and Cg

elastic and fluid damping force coefficicnts, respectively. in general, Cf

are functions of the fluid- .

and Cg will also be functions of flow velocity.

In Eqs. (1)~(3) the values for modal damping I, mass per unit length
ﬁ, and natural frequency f can be either those determined in vacuo or those
determined in still fluid.’

typically difficult to determine in liquids bécause of the fluid structure

Chen notes that the in-fluid parameters are

coupling. He goes on to suggest that in practical situations it may be
more convenient to use the 1n4vacuo parameters. Of course, if the in-vacuo
paramecers are used the appropriate (in-vacuo) functions for Cf‘and'Cg must
also be used.

5 studied the cffect of incident flow direction on the

"Yeung and Weaver
critical flow velocity for a tube bundle on an equilateral triangular
layout. They used a specially designed rig that allows the tube bundle to’
be rotated through a range of angles relative to the incoming flow.
Results of the experimental,study,vperformed in water, show that the insta-
bility threshold for a 30° (normal) triangular layout is very sensitive to
incident - flow ‘direction: A change in orientatioc of 8° can ‘cause a 507%
reduction in critical flow velocity, On the other hand, the 60° (ﬁarallel)‘

triangular layout 1is rather insensitive to incident flow direction: the



critical flow velocity 1increases only slightly for. orientations up to
20°. See Fig. 2. The results .obtained by Yeung and Weaver agree with
those reported by Séper6 for the extremes of a 30° and 60° triangular
layout. )
The results from these recent studies of fluidelastic instability in
tube bundles Have implications in the analysis and interpretation of data
from the subject heat exéhanger tube vibration tests. 'Thé heat exchanger
tests are performed with water on the shellside. From Chen's work3’4 it is
concluded that with 1liquid flow, and a fluid-damping-controlled insta-
bility, coupling with neighboring tubes 1is not a necessary condition for
instability and a single flexible tﬁbe in a rigid bundle can experience
instability. This implies that detuning will not have a significant effect
on the critical flowrate. In a real ﬁeat exchanger, corresponding natural
frequencies of tubes, having identical nqmber.of spans, may vary due to
differences in intermediate suppofts, end fixity, and material proper-
ties. " In 1igﬁt of the above conclusion these variations should not be
expected to affect the instability. Additionally, it can be expected that
a single tube may go unstable without the coupling of adjacent tubes. That
1s, it is not necessary that a group or row of tubes experience instability

at the same time.

3,4 7

Chen's results, together with those of Weaver and Grover, élso
show that the critical flow velocity is only weakly dependent on damping.
As with the natural frequencies, damping can be'ekpectéd to vary from tube
to tube within a real heat exchanger. Again, these variations arc not
expected to have a significant effect on critical flowrate because of the
weak dependence on damping.

In a real heat exchanger, the shellside flow enters through an inlet
nozzle and, as shown in the computer generated plot of flow distribution at
a particular cross;section; givén in Fig. 3, the flow direction varies up -
to 45% with reséect to the inlet flow direction. Consequently, a tube'
bundle specified as a 30° triangular layout bundle with respect to inlet
flow may behave as a "60° triangular layout” in other portions of the tube
bundle. The imﬁlication here 1is that .the sensitivity of a given tube to

5

flow direction, as studied by Yeung and Weaver,’ must be kept in mind when

interpreting the results from real heét exchanger tube bundle tests.
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B.’ Criteria for Determining Critical Flow
3 AN

As dlscussed by Chen, and reviewed above, when the flow velocity"
through a tube array exceeds a threshold value, the fluid forces con-
tributing to the modal damping are such as to.cause the damping to become
.negative and the system to becomé unstable. When the flowing fluid is a
liquid, the reduced flow velocity U, (= U/fd) at which instability occurs
is typically small (<15). The rin“stabiili;ty is caused by fluid damping
forces and is called a "“velocity mechanism” as the energy flow to the tubes
is attributed to tube velocity. For gas flows, instability occurs at a
large value of U.. The fluidelastic force is dominant and the energy flow
to the tube array is attributed to a “displacement mechanism”; phase diffe-
rence -among the tubes 1s an essential feature and fluidelastﬁic coupling
between tubes 1is'a necessary condition. 1In the absence of impacting with
adjacent tubes, a tube can be defined as undergoing fluidelastic instabil-
ity if its motion occurs at a single, well-defined frequency (corresponding
to the:particular instability mode) and 1its amplitude is increasing with
flow velocity at a relatively rapid rate.

The threshold flow velocity corresponding to the onset ofdinstability
is not always easy to determine in laboratory tests and 1s even more diffi-
cult to establish in the case of real hggt exchange equipmeﬁt. The situa-
tion involving a real heat exchanger is complicated by ihe large number of
tubes in the bundle and the comﬁlex (nonuniform) flow distribution which-
will result in spécifiq groups §£ ;ubgg gxperigncing instability at a lower
flowrate than other groups of tubes. -

There are a number of methods that have been used to define the

threshold flow for instability. These are reviewed below:

(1) Sensorxu Observg;%gqs = In general, tube vibration amplitudes
increase dr;méficélly -wheﬁ Vﬁhe »cgicicai flowrate is reached, typically
causing the tubes to impact with one another. Provided the tube bundle can
be viewed from the, end, the amplitude increase can generally be detected
visually. If, in addition, tube impacting results, a distinctive léud
noise associated with impacting is readily audible. The method is ‘applied
Sy increasing the flow in stepa, or continuously at a slow rate, and
observing the dynamic response of the bundle. ’

When the tubes are vibrating at sufficiently 1arge amp11tude9 to

causc -audible impadting and/or permiﬁ vigsual observation of the tube
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motion, there is little doubt that the tubes are experiencing fluidelastic
instability. One disadvantage o£ this method is that 1t is somewhat
subjective and requires a fair amount of engineering judgment and experi-
ence. A second disadvantage is that the results, so obtained, may not be
conservative, considering that the tubes may have vgone unstable, at
moderate amplitudes without impacting, at a soméwhat lower flow than that
identified by observations. An obvious advant;ge is that the method 1is
fast, easy to apply, and allows for surveillgnce of ‘the entire bundle at
one time. . ‘ . '
" The remaining methods to be reviewed each require instrumenting
selected tubes with accelerometers or other motion sensing devices. Again,
the flow 1s‘increa§ed in steps or swept at a slow rate starting from a low
value. In this case the response time hiétnries are recorded on magnetic
tape for subsequent data processing.

(2) Vibration Amplitude vs. Flow — Response Rate. The tube vibration

response time histories are processed'to obtain rms .values of acceleration
or displacement. The rms response is plotted as a fﬁnction of flow veloc-
ity or flowrate as shown, for example, in Fig. 4. The - flow velocity at
which the tube expériences a rapid increase in response is defined as the
critical flow velocity, Snper6 defines the intersection with the wvelocity
axis of the téngent to that portion of the curve which 1s rapidly rising as
the c¢ritical flow velocitf (see Fig. 4a). '

The example given in Fig. 4a is ideal and thére is no pfoblem in
defining the critical flowrate with this method. However, typically with
water on the shéllside the response versus flow curve may peak, drop off
and then show a rapid rise. See, for example,- Fig. 4b. There .is uncer-
tainty in such cases as to whether or not the first peak indicates insta-
biliey. Problems 1in definition also. arise in cases in which the .rms
response exhibits a gradual increase to a high level, as in Fig. 4c, rather
‘phan an abrupt increase, as in Fig. 4a. As in the fifst method, a certain
amount of engineering judgment is required.

(3) Vibration Amplitﬁde vs. Flow - Amplitude Threshold. To overcome

the ambiguity in establishing the critical flow velocity for cases in which
the rms response versus flow curves exhibit “undulations” and/or a gradual.
rise, several investigators have established a "threshold displacement

amplitude.” The critical flow velocity is defined as the velocity at which
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the threshqld displacement is first exceeded. Values of 2 to 2.5 percent
of the tube diameter have been suggested.5

"Once a threshold amplitude is established the method is straight-
forward in application, see Fig. 4b. However, again, engineering judgment
is required in the seleétton and application of the criterion. See, for
example, Ref. 5.

(4) Flow Sweep - Time History. A slow sweep ﬁp in flow is performed

while tube acceleration time histories are recorded on magnetic tape. A
careful examination of the time histories 1is carried out to determine the
time (corresponding to a particular Iflow) at which 1large amplitudes
suddenly occur. Peak amplitudes can be compared with the available "vibra-
tion space” to determine if impacting can be expected to be occurring. In
application of this method the relationship of the mnde shape Telative to
the axial location in the tube of the accelerometer must be considered.
For example, as shown in Fig. 10, by virtue of the mode shape the ﬁeak
‘response 1in one span can be significantly greater than that in an adjacent
span. Therefore, if the accelerometer is located in a span with a smaller
relative motion, analysis of the respbnse peaks may indicate that impacting
1s not occurring whereas it may, in fact, be occurring in an adjacent span.

This method can be rather tedious aﬁd time consuming to apply.
It too requires engineering judgmeﬁt.

(5) 'Frequency Rasponse Data. The critical flow velociLy cau bLe

thought of as the flow velocity defining the transition from turbulent buf-
feting to fluidelastic instability. When a tube bundle is immersed in a
dense fluid such as water, fluid structure coupling occurs which gives rise
to a broad band of closely spaced frequencies, centered ahout what would be
the natural frequency of an isolated tube in water. At flow velocities
below the critical value, turbulent bufféting ié the dominant excitation
mechanism. It excites this broad range of coupled frequencies, as evident
from the response power spectral density curves. On the other hand, the
vibration at instability will typically be at a well-defined, single fre-
quency (corresponding to the instability mode). A

In application of this method, the vibration response time
histories aré processed on a Fast Fourier transform ‘Analyzer‘ to obtain
power spectral density (PSD) representations of the data. The flow veloc-

ity (or flowrate) at: which the response PSD changes from a relatively
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broad-band épectrum to é'narrow-band (single frequency) spectrum is defined
as the critical flow velocity. See, for example, Fig; S.

' In geheral, this method 1s felt to be quite accurate and rela-
‘tively precise. Howevef, engineering judgment will still be required in
situations 1in which the broad-band spectra associated with turbulent
buffeting "narrow” significantly before becoming extremely sh;rp. Also, in
cases 1n which the instability is Qery abrupt; the large amplitudes_might
1nitiate impacting whiéh, in turn, will be represented as a broad freqﬁency
range on‘phe PSD. In this case, 1t may cause one to miss the'single fre~
qﬁen;y spike représentative of instability.

Of these different methods, thé last method, based on the transi-
tion from a broad-band turbulent buffeting response to a single-frequency
response ‘as defined by the shape of the frequency response spectra, is
perhaps the most precise. It identifies the onset of instabilify regard-
less of the displacement amplitude. The other methods all tend to be more
subjeétive and dependent on engineering judgment. ' In determining the
critical .flowrate in an 1industrial heat exchangér bundle it is wusual
practice to employ all the available methods and to compare the results -
" from -one against those from another. ~ In particular, since it 1is' prac--
tically possible to instrument only a small percentégé of the large number
of tubes 1in the bundle, it is necessary to rely on sensory observations to
identify those tubes and groupé of tubes that first:eXperience large ampli-
tude motipn. Selected tubes, from those so identified, can then be instru-
mented, and one or wmore of the other methods, u&hich are dependent on
response data, can be applied to more accuratelf determine the onset and
drop-out (with decreasiﬂg‘ flow) of instability. This 1is the approach

- followed in the subject test prograﬁ;
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I11. TEST DESCRIPTION
A. Test Exchanger and Flow Facility

The test exchanger is a segmentally baffled shell and tube exchanger
representative of an industriai'heat exchanger, but specially designed to
pernit easy assembly/disassembly necessary to achieve differeqt tube bundle
configurations. For this series of tests, the exchanger is configured as a
six crosspass (five equally spaced baffles) unit as shown schematically in
Fig. 6. The generai features and basic_dimensioﬁs are given in Table 1.
The exchanger is‘piped to Argonne's Flow~Induced Vibration Tbst Facility
(FIVTf) as shown in Fig. 1. The FIVIF has four pumps which can be operated
in combinations to deliver a maximum water flowrate of up to 0.50 m3/s
(8,000 gpm) to the shellside of the bundle. The tubes are left open.

Two .sets of tubes areuused in the testing. The one.set consisted of
smooth tubes of Admiralty brass with an outside diameter of 19.1 mm
(0.75 in.) and a wall thickness of 1.2 mm (0.049 in.). The second set con-
sisted of finned tube of the same material Qith lands whef® the tubes
passed through the baffle plates. The finned tubes. have an out;ide
diameter of 19.1 mm (0.750 in.), a root diameter of 15.9 ﬁm'(0.625 1n.),-
and an inside diameter of 13.8 mm (0.542- in.). ~There are 19 finslin;-with
a nominal fin thickness of 0.64 mm (0.025 in.) and gap‘ between fins of
0.97 mm (0.038 in.). | I |
‘ The tubes are arrangedi on a triangular 1layout (a so-called -"30°
nrientation” with recpoct. to‘thc inlet nozzle flow), as slhwwn tu Flg. 7,
with a piﬁch to diameter ratio of 1.25. There are 488. tubes in the bundle
not counting the tie bars and tie bolts. The scheme adopted to identify
tube location is also given in Fig. 7. The baffle cut is 28.9 percent of
the diameter providing saddle-type support at alternate baffles for the
tubes in roﬁs H and T. o
B. Test Cases

Ten different tesf cases were run as part of this test series. The
test caées are defined by case numbers 6-15; case numbers 1-5 correspond to
the eight crosspass tests and are reported in Ref. 2. The test cases are
summarized in Table 2 and are briefly discussed below. '

Test cases 6 and 7 were selected to obtain data that would permit
evalﬁation of the effect of inlet/outlgt nozzle size on -tube bundle

instability. Test cases B-10 and 12 represent potential field fixes as
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Table 1. General features and basic dimensions
of test exchanger

Shellside fluid_

Tubeside

Shell (Stainless steel),'I.D..

Shell, inside length (tubesheet
spacing)

Modular shell conétructibn

Nozzles

Nozzles at shell midspan
Tube bundle

Tubesheets

Tie bolts

Tie bars

Water

No fluid, open tubes, ready insertion
of instrumentation

0.59 m (23.25 in.)

3.58 m (140.75 1in.)

Flexibility to change nozzle
orientation

‘Insertion of piping to feduce inside

diameter possible
Maximum inside diameter: 0.34 m
(13.25 1in.)

~ Observation ports or alternate flow

route (e.g., direct crossflow)

Removable unit, ready. assembly/
disassembly

One stationary, one floatiﬁg; special
double tubesheet construction to con-
tain O-rings to seal tubes

Stainless steel rods in tube locations
Secure and space tubesheets on both
ends of heat exchanger .

Compress double tubesheets on each
end to seal O-iings

Secure and space baffle platés
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Table 2. Summary of test cases

 Case_No1 ) "~ Tube Bund1e4Configuration

6: Full buﬁdle; 14 in. inlet/outlet nozzles

7 Full sundle;”10<in. inlet/outlet nﬁzéles

8 Row U removed (Fig. éa)

9 ' - Row U replaced with stainless steel tubes
10 Pass lane in far window region (Fig. 8b)

11 Full bundle (rerun of Test Case 7)

12 'Péss lanes in ‘both &indow reéions (Fig. 8¢c)
13 NTIW bundle (Fig. 8d) ‘
‘14 'NTIW bundle; finned tubes

15 Full bun&lé; finned tubes

Note: Test Cases 8-15 performed with 10 in. inlet/outlet nozzles
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illustrated in Fig. 8. Since experience has shown that the first tube row
past the baffle cut 1s most susceptible to fluidelastic instability, test
cases were selected with that row removed (case 8, -see Fig. 8a) and with
that row replaced with stiffer (stainless steel) tubes (case 9). The
effect of pass lanes 1s investigated in test cases 10 (pass lane in far.
window region, see Fig. 8b) and 12 (pass lanes in both window regions, see
Fig. 8c). Heat exchanger deéigners resort to the no-tubes-in-window (NTIW)
. bundle (Fig. 8d) when it is required to ensure against a tube vibration
problem. The NTIW bundle 1is very often employed' in the large diameter
‘units which are today becoming more common. Finally, test cases 14 and 15
employ finned tube bundles in',full bundle (éase 15) and NTIW (case 14)
configurations., l |

. C. Test Procedure/Data Processing

Prior to flow testing, natural frequency and damping measurements are
'performed on selected tubes in both the near- and far-window regions of the
tube bundle. The measurements are made both in air and with still water on

2 that is

the shellside using a specially developed electrodynamic vibrator
inserted into the tubeé.

G As discussed earlier, it is practically not possible to instrument all
488 tubes in the bundle, of even the somewhat smaller‘number of tubes in
the window regions that will be more susceptible to vibration -by virtue of
their lower natural frequencies. To gain insight to the overall dynamic
behavior of a particular tube bundle,'the initial flow test 1is typically
performed without the tubes instrumented. The flow is increased in step
changes an& the tube bundle backlit to facilitate the visual detection of
tube motion by sighting down the tube bores; large amplitﬁde tube motion
associated with instability is readily. detected with this technique. The
onset of instability can also be determined from the sudden increase in
audible noise coming from the unit. From visual observation of the overall
bundle response, the tubes first experiencing large amplitude vibration are
identified. "It 1is from this group that tubes are selected to be
instrumented. _ ‘ _

Subsequent flow tests are performed with selected tubes instrumented
with miniature accelerometers. The accelerometers are mounted on specially
designed.plugs.and are 1Inserted into the tubes. The flowrate is increased

in steps and at each step the acceleration—-time signals are recorded on FM
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magnetic tape. In some tests, slow "flow sweeps” are employed. In these
cases both flowrate and tube acceleration are simultaneously recorded as a
function of time.

The acceleration signals are then processed on a Fast Fourier Trans-
form (FFT) Analyzer to obtain power spectral density (PSD) representations
of the response and root-mean-square (rms) values. Corresponding displace-
ment data is obtained by twice integrating the acceleration signals. The
rms amplitudes, PSDs, and time-histories are used in application of the
various methods, reviewed in Section II.B of this report, for determining
critical flow.

In addition to the acrreleration signals, pressures are measured at the
shell inlet and outlet and at various locations on the shell wall. The lo-
cations of the pressure taps are given in a schematic in Fig. 9. The pres-

sure measurements are taken after each incremental increase in flowrate.
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Iv. NATURAL FREQUENCIES AND DAMPING
A. Theoretical Results

Tube natural frequencies and damping are determined by tube geometry,
material properties, and supports. The tubes can be considered as uniform
beams.supported at their ends by.the tubesheets and special O-ring seals,
with iIntermediate support provided by. the baffle plates. As there 1is
clearance between the tubes and support holes, and, further; since the
tubes are not perfectly straight, it 1s to be expected that the inter-
mediate supports will vary from tube to tube as well as from one support to
thg next on a given tube. However, for the range of tube to baffle hole
clearances typleal of industrial heat ‘exchangers, these variations in
intermediate support are not expected to significantly effect tube natural
frequenpy.g' ' '

As can be seen from Fig. 6, for a full tube bundle there are three
different tube support configurations giving.rise to 3-, 4-, and 6-span
tubes dependent on a tube being suﬁported by 2, 3, or all 5 baffles,
respectively. The 3-span tubes are located in the so-called "far window"
region of the bundle and the 4~span tubes in the "near window” region.
There are actually two additional support configurations 1f one considers
that the baffles are cut along the centerline of rows H and T and, conse-
, quently, these two rows have a special saddle-type support at alternate
| baffle locations; see Fig. 7.’

The physical situation is that of a tube on multiple supports posi-

tioned within an array of closely spaced tubes, oimilarly supported. The
~entire bundle is immersed in a dense fluid. The natural frequencies of a
fube with N spans will occur in groups of relatively closely spaced fre-
quencies with N frequencies in each group. The effectlof the dense fluid
and close spacing of adjacent tubes will be to contribute to the virtual
mass, thereby lowering the natural frequencies. An equally important
effect 1is that the close spacing gives rise to fluid structure coupling
which, in turn, results in coupled modes and closely spaced modal frequen-
cies. Theofetically, if there are M tubes 1in an array, fluid structure
céuﬁling will result in 2M coupled frequencies corresponding to each
uncoupled natural frequency. For an N span tube the number of frequencies
occufring in a band 1is enhanced by the factor M to give a total of 2MN

frequencies.
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The natural frequencies and modes of a tube on multiple supports are
readily clculated using a computer program developed specifically for that
purpose.9 Calculated natural. frequenciés are given in Table 3 for the
first nine modes of the 3-, 4-, and 6féban tube configurations of the test
exchanger. The corresponding modes are giveﬁ in Fig.'lO for the 3- and 4-
span configurations. . The calculations are performed with tﬁe assumption
that the tubes are fixed at the tubesheets. It can be readily observed
from Table 3 that'the frequéncies occur in frequency bands (designéted by
the index 1), with the number of frequencieé.in each band (designated by
index j, j = 1, ..;, N) equal to the numbér of spans for that tube.
Because the 4-span tube has uﬁequal span léngﬁhs, there 1s a subgrouping of
freqdencies within the basic grouping determined By number of spans. This
is indicated by the dashed dividing line in ‘Table 4. The in-water
frquencies.are based on an added mass correction factor of 1.714 which
takes into account the proximity to surrounding tubes 1nAthe tube bundle
but does not account for coupling with adjacent tubes. (adjacent tubes are
assumed to be rigid). ‘ '

The coupled mode frequencies of a tube bundle are obtained by applying.
a method of aﬁalysig developed byvChen.10 The method is based on potential

flow theory. The coupled mode frequencies cén be representéd by the
equation ' '
7, .
fijk = __uk—177 - . | (4)
(1 +—) : A
m
1 =1, 2, 3, eae, @

j=1,2,3 «., N
k= 1’ 2, 3, !.Q’ ZM

wheré N is the number of spans, M is the number of tubes in the array, and
fXj are the in vacuo frequencies of the multi-span tube, u, are  the
effactive added masses per wnit length, and m is the tube mass per unit
length. Among other things, Chen has studied the effects of numbers of.
tubes on the upper and iowervbounds of the effeétive added mass parame-
ter. He'hés shown that for a tube in.an equilateral triangular layout, the

. immediate "ring” of six tubes has':he greatest influénce on the coupling
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Table 3; Calculated natural frequencies of
test exchanger tubes
Mode _ 3-Span 4-Span 6-Span
Noo 1,3 - £, £y 1,3 €], £ 5 1,j  f£]; £y,
1 1,1 30.9 1§.2 1,1 32.1 20.0 1,1 104;0 64.8
2 1,2 45.2 28.2 1,2 46.9  29.2 1,2 123.8  77.1
3 1,3 54.7 34.1 1,3 105.3 65.6 1,3 150.9 94.0
4 2,1 110.0 68.5 1,4 128.5 80.0 1,4 .180.8 112.6
5 2,2 135.0 84.1 2,1 179.1 111.6 1,5 207.0° 129.0
6 '2;3 150.9 94.0 ;?:f_._}fflf{_._¥lllﬁ_ 1,6 218.9  136.4
7 3,1 237.2 147.8 2,3 246.0 153.2 2,1 402.0 250.4
'8 3,2 273.5 170.4 2;4 280.5 174.7 2,2 440.1  274.1
9 3,3 296.0 184.4 3,1 404.5  282.0. 2,3 489;1'. 304.7'
f}_'j = {a-vacuu [reguencies
£, =

uncoupled, in-water frequencies
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Fig. 10, Theoretical modes of 3~ and 4-span test exchanger tubes
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0.516

1.099

Table 4. Nondimensional effective added mass per
unit length (Ak) for a triangular layout
of 37 tubes with P/d = 1.25" '

k My k Ay k Ay k Ay
1 0.29 20 0.516 39 1.325 58 2.832
2 0.318 21 0.532 40  1.325 59  2.889
3 0.318 22 0.574 41 1.344 60  2.929
4 0.346 23 0.574 42 1,496 A1 2,940
5 . 0.346 24 0.616 43 1.500 A2 2.940
6 . 0.370 . 25  0.660 44 1.500 63  3.023
7 0.371 20' 0,992 45 1./91 64  3.023
8 0.399 27 . 0.692 46 1.791 65 3.083
9 0.401 28  0.703 47. 1.877 . 66  3.083

10 0.401 29 0.767 48 2.136 67  3.110

11 0.416 30 - 0.767 49 2.136 68 3.204

12 0.417 31 0.870 50  2.267 69  3.242

13° 0.417 . 32  0.875 51  2.428 70  3.327

14 0.437 33 0.875 52 2.429 71 3.327

15 0.437 34 0.880 53 2.504 72 3.471

16  0.438 35  0.972 56 2.636 73 3.471

17 0.480 36 0.972 55 24636 74 3.596

18  0.480 37 1.099 56.  2.679

19 38 57  2.831
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and results from consideration of 19 and 37 tubes (the next two consecutive

rings) do not vary significantly. In Table 4, the nondimensional paramefer

- 1s listed for a tube bundle of the test ekchanger: triangular-

layout with a pitch to diameter ratio'of'1.25. Three."rings" about a cen— -
tral tube are considered, i.e., M = 37. | . o

For the smooth Admiralty brass tubés used in the test exchanger p =
103 kg/m3 (0.0361 1b/1in.3), 4 = 19.1 mm (0.75 in.), .and m = 0.597 kg/m
(0.0335-1b/in.5; to give ' ' - ‘

M : 4 ' -
— = 0.476 A . o (5}‘
Substituting Eq. (5) into Eq. (4) obtains

eV

i : . ‘

e T 0.472 Ak')m‘ ' g o (6
The 3-span tube will theoretically have 222 3 x 2 x 37) coupled mode fre-
. quencies in each frequency band while the 4-gspan’ “tubes will have 296
(4 x 2x 37) frequencies in each band. The maximum and minimum values of
Ak_ are used to define the lower and upper bounds, respectively, for the
freqqency bands for each tube configuration. The lowest (first) frequency
band is defined as ’ |

fy %100 Pk 13,74 °F - M
for the-3—span tube, and

L _ .U :

fr 81,1 Sfigpe S fra,74f (8)

. for the 4-span tubes. Lower and upper bounds on the first frequency band
‘cén' be calculated using the in vacuo frequencies 'given in Table 3 and

- values for Al and Ay, from Table 4. Assuming the tubes are clamped in the

tubesheet,
L = 18.8 Hz < f £ 51.3 Hz = f'U for 3—spee tube | | 9)
l 1lijk b S o
L ' 1)
= . ['4 20.4 ] e G 1y 53 .
1 19.5 Hz € fljk 120.4 Hz = fl , for 4‘epan tube (10)
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L . U A 3 |

= 63. < < . = - .
f1 63.1 Hz fljk 205.1 Hz f1 s for 6-span tube . (11)
At flowrates below critical, the random excitation associated with turbu-
lent. buffeting will ‘excite a large number of frequencies within the first
frequency band. ‘ '

B. Test Results

In air natural frequencies and damping are deﬁermined from PSD curves
of .tube acceleration response to excitation provided by a épecially
designed electromagnetic exciter which can be inserted into the tubes.2
Results from three typical tubes (two 3-span tubes, U-5 and U-23; and a 4-
span tube, A-23) are given in Table 5, where they are'compared with the
theoretical results from Table 3, The agreement hetween measured and
theqretical results is very good thus providing confidence in using theo-
retical results in analysis of the tube bundle. '

Damping cannot be calculated éndAis inherently difficult fo measure.
Nevertheless, damping estimates can be obtained from the frequency response
curves using a bandwidth method. 1In air results obtained by this technique
are given in Table 6 for three typical tubes U-5, U-23, and A-23.

Attempts were made to measure natural frequencies and damping in
waler. However, because ot the large number of closely spaced frequencies
that result from fluid structure coupling, these measurements were diffi-
cult to interpret: To minimize the coupling with adjacent tubes, the tubes
surrounding the instrumented tube were weighted and measurements were made
under these conditions. The results obtained via this approach are given
in Table 7 for three tipigal tubes from the test exchanger. The measured
frequencies can be compared with the calculated va].ues: giveo in Table 3;

the agreement is only fair.
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Table 5. Compérison between measured and
theoretical natural frequencies, f' (Hz)

Mode
No. Theor. U-5  U-23 Theor. A-23

3-Span _ o 4-Span

30.9° 32 26,35  32.1 ' 32
45.2 . 41 40,45 . 46.9 46
54.7 53 53 105.3 110

110.0 111 103  128.5 131
135.0 131 .117  179.1 175
150.9 148 140  187.9 180
237.2 238 236  246.0 244
273.5 265 256  280.5 269

® NV S W N

Table 6. Measured values of'equivalent
viscous damping factor, zV

Mode 3-Span 4-Span
Nu. . U-5 . U-23 . A-2)
1 ' 0.016 - , 0.009
2 0.007 - 0.012 - 0.017 - 0.006

3 0.005 0.004 © 0.005

4 § : 0.003
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. Table 7. Measured values of natural frequencies f“
and equivalent viscous damping factor ¥

U-5. U-23 A-23

Mode
» No. £V éw fy Cw v z;w
1 26.. 0.046 26 0.039 26
2 35 0.015 37 . 0.025 4 0.018
3 43 0.010 . 44 0.023 82 0.008
s 92 80 | 93 0.009
5 114 a2 o122

7 133 106 .. 138
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‘ V. FLOW TESTS ' '

Flow tests were performed with the primary objectivévof obtaining tube
bundle vibration information. vHowevef, as. there is a lack of pressure drop
data for heat exchangers, a secondary 6bjective is to also obtain pressure
drop information from the flow teéting. Tube bundle vib;atibn and pressure
droﬁ data are presented and'discussed.beiqw._

A. Tube Bundle Vibration

The flow tests were pefformed following thé test procedure outlined in
Section IIT.C, and using the various criteria discussed in Section II.B to
determine the threshold flowrate. Seﬁsory (sight, sound, feel) observa-
tions are documented in the Appendix for each of the test cases. . Based on
these observations, the lowest critical flowrate for a‘given bundle config-
uration (test case), and the flowrate at which instability ceases, as
flowrate is decreased, are determined. These results are summarized in
Table 8. - ' , A

Subsequent to the initial test run, in which observations are made and
recorded, a select number of tubes from locations observed fo be experi-
encing large amplitude vibration are ingstrumented with accelerométers. In
subsequent test runs, these acceleration signals are recorded and analyzed
to provide additional data that, among;other tﬁings, are. used.to evaluate -
the conclusions arrived at from observations. '

In the following, éensofy observations made during the flow tests are
summarized for each test case, and vibratioﬁ resbonse data in the form of
rms values and/or frequency spectra are presented and discissed. Flowrate
is given 1in Igallon/min (gpm); the applicable conversion to SI (metric)
unifs is 1 gpm = 6.3 x 1077 mg/s.

CASE 6

Case 6 is a 5-baffle, 6-crosspass full tube bundle configuration with
14 in. diameter inlet/outlet nozzles. Table 9 and Figs. 11-13 present per-—
tinent data. The tubes most susceptible to instability were located 1n,thé
central region of tube rows U and V adjacent to the baffle edge in the far
window region opposite' the. nozzles. There the onset of 1instability
occurred in the range of 1980 to 2140 gal/min. Frequency response curves
of tube U-23 are'éiven on Fig. 11, here the instability had not yet initia-
ted at the 2090 gal/min flowrate. It is seen that the vibration frequen-

‘cies increase with flow and that multiple frequencieg are exclited when thev'
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Table 8. Critical flowrates from sensory observations

Lowest Critical _Instability Dropout

Test Tube Bundle - , " Flow Rate . " Flow Rate
Case Configuration ‘ (gal/min) . (gal/min)
6 Full - 14 in. nozzles . 1980 : © 1760
7 Full - 10 4in. nozzles 1970 : . 1880
8 Row U removed ' 1700 1450
9 Row 11 stiffened , 2450 | | ~1800
10 Pass lane - far window 2600 . ~2300
11 Full - 10 in. nozzles .. 2140 - ' 1700
12 Pass lane - both windows 2870 | 2500
13 NTIW | ’ L I
14 NTIW - finned tubes — : —

15 Full - finned tubes .~2200 '
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Table 9. Flowrates initiating and ceasing instability

at various full tube bundle locations

Location of Tubes

Flowrate (gal/min)

Case 6 Case 7
Affected ‘14 in. ° 10 in.
(Refer to Fig. 7) nozzles nozzles
~ Start of instability  Far. window (opposite P
(severe vibrations) nozzles) -~ central region ©1980° - 1970
upon increasing flow .
Far window — near shell
_periphery 2090 © 2130
Near window 2320 2790
Ceasing of ‘severe Near window 2510 ~ 12500
vibrations upon ’ ' :
flow reduction Far window — near shell .
periphery 2010 1880
Far window — central region 1760* 1910

- % Low vélues bresented, additional runs indicatéd highér flowrates

** Yas 2790 gal/min during an additional run
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3

tube impacts more violently with neighboring tubes at high flowrates.
Vibrations with “"beating” contribute "sidebands" on the spectra. The
vibration‘pérformance was also iqvéstigated with another nearby tube.U-27,
which was.instrumentéd,with t?o>5;axia1 acqeleroﬁeters. Depending on the
flow ranges, this tuBe was excited into differeht vibration ﬁatterns:
random (more or less), straight line vibrations in 1lift oridrag direction,
and'whi}lingr Some representative patterns. are ppesgnted on Fig. 13. Even
though the tubes in the row next 'to the  baff1e cut in the “far" window
opposite the nozzle appear to be the ones most sugceptible to instability,
almost all the tubes in that window are vibrating sufficiently to be read-
ily observed by eye. The ‘tubes near the internal shell surface indicated a
more gradual increase of.Qibtation amplitude with flow rate, while the on-
set of the instability of the central fubes was abrupt. The frequency
response of tube V-42 near‘the sﬁell periphery 1s shown on Fig. 12, these
data weré téken'during tests corresponding to those of Fig. 11l. Flowrates
to 3000 gal/min were applied. In the "near” window, on the side of the
nozzles,'substéntial tube vibration activity began at the higher flowrates,
pafticularly in the row next to the baffle cut where tube-td—tube impact
occurred; However .ino significaﬁt excitation of the row A tubes immedi-
ately exposed to the flow emerging from the nozzle was - observed. _ :

Upon flow reduction, various amounts of hysteresis. were encountered as
indicated on Table 9. Before and after instability, the vibration ampli-
tudes were small. A

) CASE 7 i

Case 7 is a 5-baffle, 6-crosspass, full tube bundle éonfiguration with
10 in. diamcter inlet/outlet nozzles. The case 7 testing with the 10 in.
nozzles provided results that were not much different from the Case 6
testing with the 14 1n.' nozzles. The lowest critical data  fell into a
slightly narrower range, 1970 to 2070 gal/min and also indicated smaller
hysteresis effects (Table 9). At high flowrates there was a lot of vibra-’
tion activity of the tubes aBove.thé top qhd below the bottom of the inlet
nozzle where the flow appeared to praSS'around the’bundle ~along the inner
shell surface. Although flowrates to 3250 gal/min were applied no signifi-
‘cant excitation of row A tubes was observed. ~ o

Some fairly typical vibration amplitudes and principal frequengy data
obtained from tubes 11-27 and® V=42 are presented on Fig. 1l4. Different
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amplitudes at the same flowrate were obtained. at different points in time,
usually only seconds apart. . .

In an effort to capture the motiqn\of a group of tubes vibrating as
the result of fluidelastic instability, a series of'high-speed movies was
taken' at different flows with the bundle 'baqklightedA and opaque plastic
plugs, with a very small aperture, located at midspan of 15 tubes. The
movies dfamapicélly show the difference in tuBe motion in  successive
rows. While the motion in the first-rdﬁ'beyond the baffle cut in the far
window appears to be .primarily in a 1ift direction, the mqpion in the
second row demonstrates considerable drag—direcﬁioﬁ motion. There are
random changes in patterns as the flowrates'increasé, which indicate the
iﬁpacting of adjaéent tubés. ' -

L CASE 8 ,

Case 8 is a 5-baffle, 6—crosspass with 10 in. diameter iplét/odtlet
nozzles having no tubes'in row U. This was ﬁhe first of a series of test
configdrations provided to simulate fixes that might be applied .by
operation Iin the fleld in order to increase the crifical_flowrate. " For
case 8, the seemingly straightforward approéch was to remove the tubes most
susceptible to vibration.  Thus the tubes in row-U next to the row saddled’
"in the baffle cut were removed from the otherwise full tube bundle
configufation.' The vacated holes in the tubesheets were plugged, the holes

in‘the baffles left open. Repeated flow testing indicated that this fix
did not Accomplish the desired result, on the contrary the critical
flowrate was reduced to 1700 gal/min from 1970 gal/min.for the full tube
bundle. The instability initiated 1in. tube row V next to the row vacated.
"“"Hysteresis"” -kept the insﬁébility in effeét until the flowrate was reduced
to about. 1450 gal/min. Since this “fix" only ~aggravated an existing
problem, it is certainly one to be avoided.

CASE 9 ‘ |

. Case 9  1s a 5—baff1g, 6-crosspass configuration with 10 in. diameter
inlet/outlet nozzles and row U replaced with type 304 stainless steel tubes
(3/4 in. 0o.d., 1/16 in. wall thickness). The stainless steel tubes were
.inserted 1without distgrbing the tube bundle. The stainless steel tubes
have natural frequencies 1.4 times greaterbthan the Admiralty brass tubes.

Based on the sensory observa;ioné (Appendix - Case 9) made during- an

initial flow test, the critical flowrate for fluidelastic instability was
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identifie& to be 2450 gpm. The tubes most susceptible to instability were
determined to be located in the two rows (U and V) past the baffle cut in
the far window region. General large amelitude vibration occurred 1in the
far window region for flowrates in the. range 2530 to 2600 gpm and above.
Instability dropped out when the flowrate was decreased to 1850 to 1740
gpm.

To gain further insight into thé dynamic behavior of the tube bundle
and, more specifically, to determine if the row U tubes were "locking on"
to the row V tubes, or vice versa, adjacent tubes in rows U and V were
instrumented with accelerometers, inserted from the inlet tubesheet approx-
imately 27 in. into the tube. 1In éarticular, tubes ' U-23 and V-24, along
with tube C-15. from the near window region, were selected. A second test
run was made and, for a range of flowrates (1400 to 2600 gpm), accelera-
tion—-time histories were ;easured and analyzed to obtain frequency response
spectra (PSDs) and rms values. Frequency response curves are given in Fig.
15. for tubes U-23 and V-24, and in Fig. 16 for tube C-15; it should be
noted that analyzer channels corresponding to frequencies in- the range 55
to 65 Hz were cleared out to eliminate 60 Hz electrical noise present on
some transducers.

For flowrates below the critical flowrate, viz., flowrates in the
range 1400 to 2200 gpm, the frequency response curves of Fig. 15 clearly
show that a broad range of frequencies are excited by the broad-band buf-
feting forces assoclated with turbulent flow through the bundle. The
curves also indicate that between flowrates of 2200 and 2400 gpm therefis a
transition from a turbulent buffeting type of response (broad spectrum) to
an instability (single-frequency) mode résponse. The precise flawrate at
which this tfansition occurs is defined as the critical flowrate; better
resolution (smaller increments) of flowrates would be required to
accurately determine the critical. value. The harmonics of the lowest fre-
quency, occurring during Instability (Q > 2400 gpm), are indicative of an
impacting phenomenon taking place. In Fig. 15c results from tubes U423.and
U-24 are superimposed. This superposition clearly illustrates that at
flowrates below the critical,fthe frequency band in which the stainless
steel tube (U-23) responds is higher in absolute value (shifted to the:
right) than the response frequency band for the Admiralty brass tube (V-

24). This result 1is  expected since the in-vacuo natural frequencies of the
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stainless steel tubes are correspondingly greater than the natural frequen-
ci€s of "the brass tubes.” 'Howevér, during instability, the instability mode
freqnency of the two tubea is identical; the tubes apparently are vibrating
in a coupled mode.* At a flowrate of 2400 gpm the instability mode fre-
quency'*is 20.1 Hz. As can be observed from Fig. '15, this frequency
increases slightly with increasing flowrate. )

In Fig. 16, the frequency response spectra frqm'tube C-15, a 4-span
tube, show that that tube responds at higher frequencies and that the domi-

-nant frequency at which it responds "moves around.” The higher frequency
response agrees with observations arrived at by touching the ends of the
tubes with a finger. " The response,'although narrow band, 1s not suffi-
ciently sharp to conclude that the tube was experiencing fluidelastic
instability at any of the flowrates tested. T

Curves of tube rms acceleration response versus flowrate are given in
Fig. 17, as obtained from the frequency rangé O to 250 Hz. The abrupt in- .
crease in reéﬁonse of tubes U-23 and V-24, as the flnwrate is increased
fron 2200 to 24@0 gpm, indicates that the instability occurred in that flow:'
range. This result agrees with that arrived at from a consideration of the
frequency response spectra of Fig. 15. The rms acceleration responsetofi'
tube C-15 shon3'a‘gradua1 increase. While the rms acceleration of "tube C-
15 is generaliy greater than that of tubes U-~23 and V-24, the displacement
will generally: be épaller because of the frequency squared relationship be—:f

. tween aeceleration and displacement and the fact that the frequencies at
which tube C-15 are responding are significantly greater than those of
tubes- U~-23 and V—24.

Sensory observations made during the first test run indicated a lowest
critical flowrate nf 2450 gpm as given in Table 8. However, the results.
from a second test run using acceleration response' data 1indicated that
tubes U-23 and U-24 first experienced instability in the flow range of 2200

_to 2400 gpm. Since impacting during instability is indicated by the pres-
ence of harmonics in Fig. 15; it would be expected that the instability is

violent enough to ﬂbe audible. Conéequently, the disagreement between

B T A EA I S s 2

This .type of behavior was also observed by Chen and Jendrzejczyk11 in
tests of bundles of curved tubes. .
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observations and response data cannot be explained by arguing that the
.instability was not a@dible as a result of the amplitudes being insuffi-
cieﬁt to cause impacting.‘. ‘

CASE 10

Case 10 1is a 5—baff1e,i6-Crosspass configuration with 10 in. diameter

1n1et/out1e; nozzles and a pass lane in the far window region (11 tubes
removed); as 1llustrated in'Fig. 8b. bAgain, the basic tube bundle was not
"disturbed” from Case 7. That is, the stainless éteel row U tubes were
. removed, Admiralty brass tubes were inserted, énd the pass 1lane tubeé
pulled and .tubesheets plugged without removing the‘ bundle from the
exchanger. ’ ‘

From the sensory obsefvations (Appen&ix - Case 10) there was no doubt
that thé pass lane in the far window region had a significant effect on the
dynamic behavior of the bundle. 1In particular, the instability threshold
was not well defined in the sense that the very violent tube motion
associated with 1loud, sustained impacting/raftling- noise was never
achievédf The -lowest critical  flowrate, with 1nstability initiating in the
' far window region, was determined to be 2600 gpm. At a floﬁraée of 2700
gpm there was gené:ai large amplitude vibration in the far window region.
Upon decreasing the flow, the instability droppéd out in the range of 2400
to 2200 gpm. As a general observation, asymmetry was noted in comparing

tube motion at the “"top" and "bottom” of the far window ‘region. For
example, at 2600 gpm, while increasing the flow, the tubes at the bottom
were experilencing large amplitude- motion while tubes at the top showed
little activity. With decreasing flow, at 2400 gpm the. large amplitﬁde
motion‘ at the bottom had ceased, while the tubes at the top were still
vibrating Qith large amplitude. i , ' -
' Accelerometers were installed in tubes U-5, 19, and 21, and tube V-20
and analyzed "on line” for a raﬁge of flowrates.  Curves of rms accelera-
tion versus flowrate are given in Fig. 18. Tubes U-19, U-21, and V-20 were
selected to.bé instrumencgd"as they are adjacent tubés in a triangulgr pat-
tern (see Fig. 8b). It isiinteresting to note that_the fespohse of ‘tube
vU-19 (Fig. 185) 1s‘ap§f6ximately an order of magnitude less‘fhan'that of
its neighbors,'U—Zl‘(Fig. 18b) and V-20 (Fig. 18c). ‘From Figs. 18b and 18c¢
~ one would conclude that the critical flowrate is in the.;angé 2600 to 2650
épm; Fig.-léd ind;éates,that tube U-5 goes unstable at”a higher flowrate;
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Fig. 18. RMS acceleration versus flowrate; (a) Tube U-19 (V), (b) Tube U-21 (O),

(c) Tube V-20. (8), (d) Tube U-5 (D), Open symbol - .increasing flow,
solid symbol - decreasing flow
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and Figs. 18b and 18c éhbw a hysteresis effect that has tubes U-21 and V-20
dropping out of instability at a flowrate of approximately 2300 gpm. These
three results all agree with the results from sensory observations as dis-
cussed above and presented in Table 8. '

In Fig. 19, frequency response curves from tube V-20 are given for in-
creasing and decreasing flowrates. Response spectra for flowrates from 900
to 2600 are representafive of turbulent buffeting excitation. The sharp,
single-frequency respbnse at 2700 gpm indicates that the transition: from
turbulent buffeting to fluidelastié. 1nsﬁability took place in the range
A2600 to 2700 gpm§.the‘iﬁstab111ty mode frequency is 22.2 Hz. The muléiple
frequency.respodse at flowrates from 2800 to 3000 gpm is expected to be the
resulf of - impacting with adjacent "tubes and/or rattling in the baffles. As
the flowréte is decreased from 3000 gpm it is interesting to observe:that a
well-defined, single-frequency instability mode frequency appears once
again. The dropout of instability; or transition from instability to a
dominant turbulence response occﬁrs between 2200 and 2000 gpm as indicated
by the change iﬁ,gharacter of the response spectré. Again, these results
are in good agreement with the results froﬁ_sensory obervations.

| | S CASE 11

Case 11 is a 54baff1e, 6-crosspass, full-tube bundle configuratioh and;
is a repeat of Case 7. The "history” of the bundle is as follows: Without
removing fﬁe fube bundle from the shell (1) Row U waéiremoved (Case 8); (2)
Row U was replaéed with stainless steel fubes (Case 9); (3) Row .U tubes
were remdved and replaced with original, Admiralty brass tubes and a pass
lane created by removing 11 tubes in far window region on centerline
through nozzles (Case 10); the pass lane was filled with brass tdbes to
. return to a full bundle configuration (Case 11). .

From sensory observations (Appendix - Case 11), the threshold fiowrate
for the onset of instability was determined to be 2140 gpm. At a flowrate
of 2400 gpm general large amplitude vibration was occurring in the _far
window region. Upon decreasing the flow, fluidelastic instability 4&as
observed to dropAOut at 1700 gpm. The instability threshold was somewhat
higher than the pfevious full bundle test result of 1970 gpm (Case 7).
'Additionally, the instability did not seem to be as "violent.”

Acceleration-time signals from accelerometers located in tubes U-5,

19, 21 and V-20 were recorded'and analyzed. 1In Fig. 20, rms acceleration
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is plotted as a function of flowrate for tubes U-5, U-21, and V-20. From
‘ Fig. 20, one would conclude that instability occurs in the flowrate range
2100 to 2200 gpm. This 1is in agreement with the values of 2140 gpm
determined from sensory observations.

CASE 12 ‘

Case 12 is a 5-baffle, 6-crosspass configuration with 10 in. diameter
inlet/outlet nozzles and pass lanes in both the near and far window regions
(22 tubes removed), as 1illustrated in Fig. 8c. The basic bundle was not
disturbed from Case 7. ' '

Based on sensory observations (Appendix - Case '12),‘ the critical
flowrate was determined to be 2870 gpm. By the time a flowrate of 3050 gpm
was reached, general large amplitude vibratioq could be observed in the far
window region. Audible impacting/rattling ceased at a flowrate of 2500
gpm; this was identified as the flowrate for dropout of instability. As in
Case 10, asymmetry was observed with tubes at the top of the far windqw
region first vibrating at amplitudes sufficiently large to be visible
(1800-2400 gpm); then tubes at the bottom of the region vibrating more
strongly (~2600 gpm); next, row U vibrating from center to bottom
(3000 gpm); finally, general large amplitude motion in far window region
(3100 gpm). | - ’

As in previous test cases, tubes .U—S, -19, -21, and V-20 were
instrumented with adcelerometers. In Fig. 21, rms acceleragion is plottéd
as a function of flowrate. The abrupt increase in acceleration résponse as
the flowrate 1s increased to 3000 gpm from 2800 gpm indicates that. the
critical flowrate falls within this range. This result agrees with the
determination, from sensory observations, of 2870 gpm as the critical
flowrate. R

CASE 13

Case 13 1is ‘a 5-baffle, 6-crosspass configuration with 10 in. diameter
inlet/outlet nozzles and the tubes in the two “"window regions” removed‘tu
give a no-tubes-in-window (NTIW) configuration; see Fig. 8d. -

, The flowrate was incfe&sed from 1600 to 4590 gpm and sensory observa-
tions of tube bundle response made (Appendix - Case 13). No significant
tube vibration occurred over the range of flowrates tested. However, the

tie bars were .observed to experiende large amplitudes that increased with
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flowrate. Rattling of the tie bars was readily audible. No tube vibration
response measurements were made. |
CASE 14

Case 14 is a finned tube bundle in a 5-baffle, 6-crosspaés'configura—
tion with 10-in. diameter inlet/outlet nozzles and the tubes in both window
regions removed to give the so-called NTIW configuration; sée, again, Fig.'
8d. ' _

The flowrate was incrementally increased from 1000 to 6000 gpm and
sensory observations of tube bundle response made (Appendix - Case 14). At
high flowrates (>4000 gpm), virtually all of the tubes in the bundle
experienced a general low level vibration. However, large amplitude tuhe
vibration, as would be indicative of fluidclastic inotability, was not
observed. As in the NTIW test -with smooth tubes (Case 13), the tie bars in
the window regions vibrated with relatively large amplitudes, sufficient to
cause them to . impact with the shell wall. No tube vibration response
measurements were made since an instability was not observed. ’ ‘

CASE 15

Case 15 is a full bundle of finned tubes in a S5-baffle, 6-crosspass
configuration with 10 in. inlet/outlet nozzles. A

The finned tube bundle of this test case responded significantly
different from the corresponding smooth tube bundles that were previously
tested and reported. In particular, it was not possible to identify a
well-defined. critical flowrate from sensory observations (Appendix -
Case 15). The observations that were made can be summarized as féllows:
Large amplitudeA motion occurred first at the bottom of the far window
region (~2400 gpm); tubes at the bottom of the near window région experi-
enced large motion before row U tubes and tubes at top of the far window
region - the loudest (in fact, only) impacting noise came from this region
(>3200 gpm); tubes in the middle, of row U did not vibrate until a high
flowrate (4100 gpm) was reached, and the vibration was not violent.

For one test rum, the following tubeé, all located at the “bottom" of
the far window region, were 1nétrumented with accelerometers: V-38, =40,
-42; w-37, -39, -41; X-36, -38; and Y-37. A second test run was performed
with these tubes instrumented: F-8, -40; G-9, -39; U-9, -25, -39; and V-8,
=24, In Figs. 22-25, rms vibration response is plotted as a function of

flowrate for select tubes in various regions of the tube bundle. Results
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deduced from the dynamic behavior of the tubes, as indicated by these rms
' response. curves, can be compared with sensory observations of tube bundle
behavior as summarized above and documented in the Appendix.

RMS displacement response data from‘tubes V=40, 'V-42, and W-41 are
given in Fig. 22, These three tubes are adjacent tubes on a triangular
layout and are lbcgted.atvthe "bottom” of the far window region (see Fig.
7. A rather abfupt increase 1in response occurs at a flowrate of
~2200 gpm. This agrees with visual observations: As flowrate 1s increased
further (Q > 2400 gpm) the response tends to drbb off or remain nearly the
same with little further increase. This could be the result of impacting,
with adjacent tubes liﬁiting tube motion. However, no ‘audible
impacting/rattling noise was detected (Appendix -VCasé 15).

In Fig. 23, fms acce