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Impu lsive Flow About a Circul ar Cylinder

— 

Turgut Sarpkaya

ABSTRACT

The d rag and l i f t  forces act ing on smooth circul ar cy l in ders

in an Impuls ive l y—started flow have been measured through the use of

a vertica l water tunnel.

The drag and lift coefficients were found to depend on the

Reyno lds number and the normalized displacement of the fluid from

the start.

It is recommended that these experiments be extended to higher

Reyno l ds numbers to substantiate further the Reynolds number dependence.
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NOMENCLATURE

c Rad i us of the test cyl i nder

CD Drag coefficient

CL 
L i ft coeff i cient

0 DIameter of the test cyl i nder

2. Distance between pressure taps of accelerometer

L Length of the test cyl in der

p pressure

differential pressure

Re Reynolds number

t Time

U Ve l oc i ty

Acceleration

r C i rcu lat ion

v Flu id kinematic viscosity

p Fluid density
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I. I NTRODUCT ION

The understanding of the kinematics and dynamics of the Impu lsively

started flow about blu ff bod i es In genera l and a circular cylinder in

particular Is of both practica l and fundamenta l importance. From a

theoreti ca l point of view , ana lytica l and expe r i menta l results enab le

one to understand the evolution of the separation of flow and the sym-

metric vortex deve l opment.

From a practica l poi nt of v i ew, the understanding of the character-

ist i cs of impulsive flow enables one to calculate the norma l and side

forces acti ng on slender bod i es of revo ’ut i on at large ang l es of attack

through the use of the so—called “impulsive flow ana l ogy”.

The present Invest i gation addressed i tself to the experimenta l

determi nation of the drag ( normal) force and lift (side) force act i ng

on smooth cy l in ders i mmersed i n an i mpuls i vely started f low through the

use of a verti ca l water tunnel.
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II. PREV IOUS STUDI ES AND THE
IMPULSIVE FLOW ANALOGY

When a slender body i s Inc l i ned to a f low, i t exper i ences a compo-

nent of force i n the plane i n w hi ch the i ncl i nat i on occurs and a com-

ponent perpendicular to that plane . These forces will be referred to

hereafter as drag and lift forces. Earlier works were mainly concerned

w ith the drag forces at moderate angles of attack. The flow pattern at

sma l l  to moderate an g l es of attac k consi sts of a pa i r of ax i a l l y

oriented symmetric vortices on the lee side of the lifting body. This

physica l flow field was approx i mated by the so—called NACA vortex mode l

(See Fig. I). Mun k [lJ was one of the first to study the problem and

to introduce the cross—flow approach, which has been the basis of all

drag—force prediction methods. Munk ’s work was primarily concerned

with an idea l fluid and only rel evant to small ang l es of inclination.

Allen and Perkins [2] considered slender bodies at large angles of in-

clination , where the v i scous effec ts and separat i on are i mportant, and

modelled the cross—f l ow deve l opment by ana l ogy with the flow over an

impuls ively started cylinder. In other words, they have hypothes i zed

that the evo l ut i on of the sp i r a l l i ng vortex sheets with di stance a lon g

a s len der body is s i m i l ar to t he evolut i on of symmetr i c vorti ces with

time in an impulsive l y—started flow about a circular cylinder. This

hypothes i s turned out to be a very fru i tful one and has been developed

by later workers; for example Sarpkaya [3], Kelly [4J, H i l t  [53, and

Bryson [6] dev i sed various approx i mate discrete—vortex models to study

the evol ution of vorti ces behind an impulsively started cylinder.

10
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Fig ure I. Symmetric vortex separat i on on a slender body of
revolution at high angle of attack, NACA model.
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These models were able to pred i ct In an approx i mate way only the early

stages of motion. These investigators were not concerned with the

deve l opment of asymmetry In the wake and subsequent v cf~x shedding.

Vorti ces pee l off from missiles flying at high angles of attack

and give rise to significant side or lift forces. In sp i te of the

realization of the need for theoret i ca l analysis and experimenta l data

either for side forces act i ng on missiles or for lift forces acting on

cylinders in impulsively started flow , there has been pract i cally no

data or systematic study.

The deve l opment of flow about a cylinder started impulsively f rom

rest was first studied by Blasius [7]. He has shown that the flow

about the cylinder does not begin to separate until a distance of

s = 0.351 c is covered by the flow. Blasius ’ work has later been ex-

tended by Goldstein and Rosenhead [8], G6rtl er [9], Schuh [10],

Watson [Il], and Wundt £12]. They have demonstrated that the separa-

tion depends on the shape of the body, the Reynolds number , and the

particular time dependence of flow from the start of moti on. Follow-

ing the inception of separation at the rear stagnation point, the

separation points move rapidly around the body until at large va l ues

of t i me they reach a near l y  steady state pos i t i on , often qu i te close

to that observed experimentally in steady flow about the same body.

In sp i te of its re l evance to the impulsive—f l ow analogy, re la t i ve-

ly little experimenta l work has been carried out on impulsively

started flow about cylinders . Schwabe [13] dragged a cylinder of 9 cm

diameter in a shallow channel at a speed of 0.8 cm/sec through the use

of weights and pulley s and atta i ned Reynolds numbers of about 600. He

developed a procedure which enabled him to calculate pressuro

12
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di str ib ution and hence the drag force from the pi ct ures of the f low

pattern. Schwabe’s d rag coeff i c i ent i s about tw i ce as large as the

steady state va l ue and is still Increasing after the cylinder has

disp l aced a distance of about 9 body radi i . Approximate numerica l

ana lysis carried out by Bryson [6] shows a maximum of about 1.5 for

the drag coefficient at the time when the cylinder moved about 4 body

radii . Subsequently, the drag coeff i c ient d rops to an unrea li st i cal ly

low va l ue as noted by Bryson.

The only other invest i gati on i n recent t i mes was undertaken by

Sarpkaya [3] through the use of a vertica l water tunnel. He found

that the drag coefficient reaches a va l ue of about 1.5 at a rel at i ve

fl uid disp l acement of about 8 body radii. In sp i te of the difficu l-

t ies encountered by him in generating an impulsive l y—started flow ,

his resu l ts have clearly shown that the drag coefficient does reach

a maximum of about 1.5 and then rapidly decreases to a steady state

value of about 1.2. The method deve l oped by him has been further

improved and utilized in the present i nvest i gat i on not only for the

purpose of more accurately determining the exact position of the

max imum drag coefficient but also the evo l ution of the lift coeff i—

cient. Consequently, the wor k descr ib ed here i n presents d rag force

~‘ta which may be compared with those obta i ned prev i ously and also

l ift force data for which there is no p revious work.

13
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I l l .  EXPERIMENTA L ARRANGEMENT

A. TEST FACILITY

The exper iments descr ib ed here i n were conducted i n a vert i ca l

water tunne l designed by Professor T. Sarpkaya (See FIg. 2). A

quick release valve mechanism wh i ch opened or c l osed wit h the hel p

of a three—way va l ve was mounted at the bottom of the tunnel. When

the qu i ck rel ease va lve was opened, the fluid (water) moved down-

ward through the tu nne l into an underground reservoir. The partic-

ul ar va l ve design is shown in Fig. 3. It allows an initi a l drop

wit hin a very short time period and then a slow further open i ng.

The rate of initial drop as well as that of the subsequent va l ve

moti on is contro l led by a piston in the l ower part of the va l ve and

the viscos i ty of oil in the li quid chamber. The amount of the

i n i t i a l  d rop , the area of the opening between the liquid chamber and

the upper air chamber as well as the viscos i ty of the oil are vari-

a ble and ea si ly adjusted to obtain constant veloc it i es at des i red

rates. Suffice it to note that the system was capable of produc i ng

an Impulsively star-ted steady flow with very little initial disturb-

ances at des i red ve l ocities. In fact the acceleration of the flow

was confined to a time period of about 0.05 sec for steady f l ow

ve l ocities of about 40 cm/sec.

B. ACCELERAT I ON AND VELOC I TY MEASUREMENTS

The acceleration of the fluid was monitored by means of a differ—

ential—pressu re transducer connected 1-0 two pressure taps along a

14
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vertica l line and with a spacing 2.. The acceleration was ca l cu l ated

from the fact that the measured differential pressure Ap and -the

accelera t i on are related by

pL~~~~=~~p (I)

in wh i ch p i s the dens i ty of water and 
~~ 

represents the Instantaneous

accel eration. Repeated measurements of accel eration have shown that

the veloc i ty reaches a constant value within 0.05 sec and the accel era-

tion remains zero thereafter.

The ve l oc ity was measure d through the use of a varia b le res istance

probe. The change in resi stance of an about 150 cm long platinum

w i re, placed vert i call y In the tunne l away from the tunnel w a l l s , was

recorded by an amp l i f i e r  recorder assemb l y  together wi th the drag or

l ift force. The slope of the elevation versus time curve yielded the

ve l ocity of the fluid motion through the use of the calibration data.

C. TEST BODI ES AND FORCE MEASUREMENTS

Two smooth alum i num c i rcular cyl i nders, 60.6 cm l ong with diameters

62.23 mm and 75.82 mm, respect iv el y, were used in the experiments.

The cyl inders were turned on a lathe from aluminum pipes. The length

of eac h cy l inder was such that it al lowe d a gap of about 2 mm between

the tunne l wall and each end of the cylinder. The cylinder was pre-

vented from mov i ng towards one or the other wal l  by means of sma l l

0—r i ngs attached to the round cantilever end of 1-he force transducers.

A double—ball precision bearing was inserted at each end of the

cyl inder in aluminum hous i ngs which sea l ed the cylinder air tight.

The outer face of the bearing was flush with the cylinder.

- j 17
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Two Identica l force transducers, one at each end of the cylinder ,

were used to measure the Instantaneous drag and lift forces. A special

housing was built for each gage so that the gage could be mounted on

the tunne l w i ndow and rotated to measure e i ther the d rag or~the l i ft

force alone . The bellows protecting the strain gages were filled with

Dow Corning 31 40—RTV coating for water proofing. Then the ends of the

bellows were seal ed air tight.

After mount i ng one of the cyl i nders, the exact angu l ar pos i t i on of

each gage within its housing was determined by hang i ng a load on the

cyl i nder and rotating the gage unt i l the l i f t force component became .

zero. The fina l positions of the gages were marked with a pin. Fina l ly,

four bo l ts were placed on the gage housing to hold the gage rigidly

in position . The remova l of these bo l ts and the set pin allowed the

rotati on of the gage exactly 90 degrees to measure the drag force.

Thus, both gages were capable of measuring either one or the other com-

ponent of tota l resi stance. Usua l iy, one gage was set to measure the

drag force an d the other, the lift force.

The calibration of the gages was accomplished by hang i ng loads at

the m id l engt h of the cyl i n der after  sett i ng both gages to sense o n l y

the drag component. The calibration was also checked by filling 1-he

tunnel with water and recordi ng the s i gna l generated by - t he buoyant

force. This procedure provided an easy check on calibration and was

used prior to each experiment.

18 
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IV. DISCUSSION OF RESULTS

The analog data for both the lift and drag forces were evaluated

through the use of the calibration constants and plotted In terms of

the normalized distance Ut/c where U represents the ve l oci ty of the

steady flow ; t, the time f rom the start of the motion; and c, the

radius of the cylinder. The drag and lift coefficients were defined

as fol lows :

C = 
Dra9 Force (2)

0 .
~~p L D i i~

and

- 
Lif t Force

CL~~~i L D i ~

in which p represents the density of water; L, the l ength of the

cylinder; and 0, the d iameter of the cy linder.

A. DRAG COEFFICIENT

Figures 4 and 8 show the drag coefficient as a function of Ut/c

for var ious values of the Reynolds number def i ned by Re = UD/v.

These figures show, regardless of the Reynolds number, that the drag

coefficient always rises rapidly to a value of about 1.55 at Ut/c

va lues from 4 to about 5 and then -drops rapidly. The rate of drop as

wel l as the tirne at which the drag coefficient reaches a steady state

va lue appears to depend on the Reynolds number. At rel atively lower

- - — -
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~ 
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• Reyno i ds numbers (Re = 17,000), the drag coefficIent drops t’o its

steady state va lue at about Ut/c = 7 and thereafter fluctuates about

C0 
= 1. 1 as a result of the lift—Induced drag force oscil lations. At

relat ively higher Reynolds numbers (Re = 33,000), the maxi mum pea k

in the drag coefficient occurs at Ut/c = 5; and its va l ue is s l i g h t l y

lower than that for the l ower Reynolds numbers. One of the most sig-

ni fi cant d ifferences between the evo l ut i on of t he drag coeffi c i ent

for the sma l l er an d larger Reynol ds num bers i s in the manner whereby

the drag coefficient reaches its steady state va l ue. As noted earlier ,

at lower Reynolds numbers C0 ra p i d l y  atta i ns i ts steady state val ue

at about Ut/c = 7. At hi gher Reyno ld s num bers, however, C0 first de-

creases from its peak va l ue to a new plateau between 1.25 and 1.3 for

Ut/c values from 7 to 1 3 an d then decreases once more to its steady

state va lue.

The foregoing discussion covered only the genera l characteristics

of the evolution of the drag coefficient with time without making an

attempt to explain the reasons giving rise to them. The present ex-

periments as well as tho se previously conducted by Sarpkaya [3] show

that during the initial and symmetric development of vortices (as

ev i denced by the absence of lift force as wil l  be discussed later)

the vorticity rapidly accumulates in the wake. The symmetric vorti ces

grow to si zes considerably l arger than those wh i ch would be found in

the l ater stages of the motion where the vortices shed alternat i ngly.

The accumu l at i on of vort ici ty reduces the back p ressure an d gi ves r ise

to a dreg coefficient of about 40% larger than its steady state value.

In  other words, the initial rise in the drag coefficient is a conse—

quence of the symmetry of the vort i ces an d t he accum u lat ion of
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of vortic ity during this symmetric growth. Once the vorti ces become

asymmetrica l under the influence of ever present small disturbances,

one vortex moves away from the cylinder causJng a rapid drop in the

drag force and a gradua l increase in the lift force. Ev i dently the

rate of rise and the peak va l ue of the drag coefficient are not

m a t e r i a l l y af fected by the di sturbances s i nce t he vort i ces continue

to retain their symmetry for Ut/c values smaller -m an about 5. It is

poss ib l e to show that the vort i ces must acqu i re certa i n st~eng-th and

position rel ative to the cylInder In order to reach a state at which

they are most susceptible to disturbances. Once the vortices begin to

shed, the drag coefficient reaches a value of abOut 1 . 1 , a value which

is commonly accepted at the Reynolds numbers encountered herein.

The peak value of the drag coefficient, i ts t i me of occurrence,

an d su bsequent decrea se to steady state va l ues are al so re l ated to t he

character of the fluid motion (lam i nar or turbulent ), and hence on the

dissipation of circulation . It is a well known fact that the fluid

mot i on in  the near wa ke i s tur bu l ent for Reyno l ds n umbers la rger than

about 200. The rate of decrease of circu l ati on in each vortex depends

on the intensity of turbu l ence and hence on the Reynolds number.

Numerica l analysis through the use of discrete vort i ces [3] has shown

that the larger the di ss ip at i on , the smaller is the peak va l ue of

and the more gra dual  i s the decrease of C0 to its steady state va l ue.

Evi dently, a vortex pair of smaller circulation gives rise to a smaller

d rag coef fi cient  since CD is propcrtional to the square of F/Uc. The

exper i menta l results reported here i n are in  conformit y with the fore—

going conjectures. At higher Reynolds numbers (Re 33,000) the peak

v a l u e of C0 is about 1.5 and occurs at a Ut/c va l ue closer to 5, in
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constrast to a C0—value of 1.55 at Ut/c z 4 for Reyno l ds numbers of

about 16 ,000. The dissipation of vorticity ev i dently requ i res that the

• symmetric vorti ces be fed a relatively longer time period [~(Ut/c) I]

in order to al-low the vortices to reach their maximum strength. As

noted ea r l i e r  the vort i ces gradua l ly become asymmetr i ca l an d a tur bulen t

vortex , being inherently more stable to disturbances rel ative to the one

at lower Reynol ds num bers, l i ngers somewhat l onger In the vicinity of

the cylinder. These ideas have previously been substantiated through

measu rements and flow vIsualiz at i on by Sarpkaya [3]. The extended stay

of the vorti ces in the vicinity of the cylinder does not allow the drag

force to drop rapidly to its steady state va l ue. Suffice it to note

that the evo l uti on of the drag force with time depends on the Reynolds

number. The larger the Reyno l ds number , the larger is the dissipation

of vorticity, and the sma l l e r  the pea k va lue of CD. I t has been noted

• prev i ously that there is a plateau in CD for  Ut/c va l ues between 7 an d

13 for larger Reynolds numbers. It is now clear that that plateau is

a consequence of the dissipation of circulation in the vorti ces. It is

also c l ear that one must further su bstant i ate t hese i deas by carryi ng

out experiments at even higher Reynolds numbers.

B. LIFT COEFFICIENT

The lift coefficient versus Ut/c plots are presented in Figs. 9

through 12 for various va l ues of the Reynolds number. The Reynolds

numbers in these plots do not exactly correspond to those in the drag

coeff i c i ent pl ots because of the fact that the l i ft an d d rag force

runs were carried out independently, It was not possible to record

s imu l taneous l y t he e l evat i on an d the l i f t  an d d rag forces because of

the lack of a high—speed three—channel recorder.-
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A qu ick examinat i on of the lift plots show that 1-he lift force re—

ma ins practically zero until the vortIces become asymmetrica l at Ut/c

va l ues of about 6, the amplitude of the lift force varies significantly

from one run to another even for I dentica l Reynolds numbers, and the

first few peaks of the alternat i ng lift force do not occur at the same

Ut/c va l ues. In genera l , however, the lift coeff icient reaches a mmxi—

mum value of about 0.4. This value is in conformity wIth those obta i ned

previous l y In steady flows at the correspond i ng Reynolds numbers [l4J.

There are various reasons for the observed behavior of the lift

• force . Firstly, even In steady fl ows the l i ft coeffic i ent shows large

variations at a given Reynolds number for all Reynolds numbers. This

i s pr i mar i ly because of the i nherent i nstab il i ty of the vort i ces, the

surface cond ition and l ength—to—d i ameter ratio of the cylinder , and

the l ack of spanwise coherence of the vortex cores. Secondly, in im-

puls ive flow -the development of h f-f- i s strong ly dependent on the

initial disturbances which give rise to asymmetry and subsequent vortex

shedding. Consequently, it is  not too surpr i s i ng to f i n d that i n some

runs the vort i ces cont i nue to grow symmetr i ca l ly and thus resu l t i n

very small lift forces. In some runs asymmetry deve l ops rapidly and

the l i ft force not only starts at smaller va l ues of Ut/c but a l so

reaches larger amplitudes. Since there is no way to contro l the magn i-

tude of the d isturbances, other than assur i ng that the f l u id i n the

tunne l is as qu i escent as possible prior to each run, one must antic i—

pate re l ati vely large variations both in the magn i tude and the time

of occurrence of the peak va l ues of lift. Suffice it to note that the 
-

•

l ift force is a fairly random quantity and that randomness is certainly

ref l ected in the data presented herein. The data further helps to

32

•  - - •  • :~~~~~:



-.—-~~~ _-- -~ -_ - — -
~~~~ — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ‘~~~‘~~~— —--

exp lain the random natur~ of the side forces measured on miss i le

models mounted in wind tunrie s. t appears that attempts to obtain

a unique l i ft—force variation wi l l  not be fru i tfu l in vI~ w of the

stated randomness of the l i f t  forces .
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V. CONCLUSIONS

The experimenta l Investigation of the Impulsively—started f low

about smooth circular cylin ders in a vertica l water tunne l warranted

the fol lowing conc lus ions:

I. The drag coefficient reaches a peak va l ue of 1.5 to 1.55,

depending on the Reynolds number, at Ut/c va l ues f rom about 4 to 5;

2. the drag coefficient eventually drops to its steady state

value for Ut/c larger than about 7;

3. the l i f t  coefficient begins to develop at Ut/c va l ues larger

than about 6 and alternates about a zero mean va l ue with an amplitude

of about 0.4. The magnitude and the time of occurrence of the peak

va l ues are strongly dependent on the magnitude and di str ib ut ion of

the i n i t ial d isturbances;

4. the lift and drag coefficients both appear to depend on the

Reyno l ds number. Only addition a l experiments at hi gher Reyno lds

numbers cou ld determ i ne the extent and form of the dependence on the

Reyno l ds number.
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