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; " 'Thio: /ﬁ'k—\tepreeencs an ettempt: to' determine the exit ve&ocity‘ o£
& ' the jet nozzle ‘in a co—@lowing alr velocity eeneor. under dgfferent
¢
' values of the eupply pre>eure and- in a zero free—etreeh velocity. , .
( ’rhe aeneor comiete‘ of a noxzle (0 023 1n ID by 0.5 in. long) and g

‘

. —— _recelver aleembty*v);ich vhetr]s‘rﬁi‘d in A free ntreem of unknown velocity

4 . can be used to neuure that free-stream v;elocity In a previoue etudy, [8]
. b s .
. the jet spreading cherec ,_gr,getice is predicted for different noule exit

ovelocitiee. 'rhe preeent: work ie a t:heoretical and experinentel szeeti—.

. gatioh to determine the volume £lov coefficient of ;he norzle et

3 ~

if ferent

. '-«,5 supply pressures. To determfne the elt temperature. 1t' is neceeury to

e gmke an eseumption regerd:lng, the flow proceu thrpugh the norele. Celcu— ",

) letions are mede for three cases; ideal flow, adiabatic flo\f at 1eotheme1
-t #  flow, The results are presented as plots of the voluae diechenge coefficient

+ .
A .

. versus both the Reynold's number and the flow number. At choked flow

. &
« condicione the flow coeffiieiente for hotheml ‘and adiabatic flove diﬂer.

er

- by leu then 22 et correepond:lng “Reynol&*l .nusbers and Elow mnbere. Flow .

|
coeff icient based on either definition can therefore be used withing thesd

S .
 limits of nqcurecy. - T, . .«

- . . . A . .
~ . N

5

., . An ettnpc is ude to caleulet:e the preesure drop across the ‘duct,
,uaing the previouely determined exit cond-lr.ione end publinhed valuee of

entrencea loneoe for fully developt-d laeimr and tnrhulent f 1ow. - ﬂue .
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greatest deviation between calculated and gctuai'nrg-nurc Hrapl occurs-

LRt

¥

. 4n ‘the transition region where there is little pugli&ﬁod info

-

&

6h Ehe“frictton factor = R‘fnold'-“nqnbcr ;elltlonohip.
. ‘\,r\ A .
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. ' N . ° .
1.1 Introduction , . . .. . '
wT o [ et emw T e ] .
- -~ .. F.3 3

Active fluid dynauic devices employing 1nteraction of a free
turbulent jet with the measured flow have some advan‘tages over con—
ventional passive devices used to measure the Velocity of a fluid,

Hot wires or film gaugmui\aﬁzﬂ suffer from a lack of propo;- , -
i
ttonality between measured velocity and outpq,t Pitot tube square law

- 0 U

" output preaente limitatious on the measurement eensitivltx at low
bvelocitiea. Rotating devices prov:lde an output propox:tiohal to the

. meagured velocity, but ten‘ to stall at lwo velocities.

L e

» The co&,flowing sensor conceived, /cfeve,loped amc—ﬁ? —

(Figs. 1 and 2) have a high sensitivity (O 03 in water / ‘.s"l in air)

&nd.anotably wide range (O. to 720 ft..sll An air). Furt‘her. it ' has

the pai'tlcularly desirable feature that the output receiver pteisure |
. v g 1 ' 4 ’

varies linearly with the free stream velocity for certain ranges of . ,

l

1

et and stream velocities.
: The conatruction of the co—-flowing seﬁaor is simple and rugged; it

pemits maurenent in ducts ds small as 1 1i. diameter or in unbounded =
a ' , %‘9 M . . o -
: flows. : Ce ) =

‘The [sensor _consists of a turbulent.jet generating power nozzle And . : h

' . . i
. - . . ‘ .

“t
L

a lr:ecei\'ret‘aueably vhich is ,glaceg h;n\ a free 'stream 'of which either ,

PR 4
. , < . -

the velocity or the dena:tty is knmm . ’ . " T . ’ o

Thdb vork represents an ettempt to detemlne the exit& velocity of T
< the jet no:zle ip a co-flowing air velocity sensor, under dlfferent '

.. 4 3

\ valuen of the nupply pressute and in & zero free-ﬂ:‘rem veloclty..

.-
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" 1.2, Principle df Operation

An attempt is also made to calculate ‘the pressure drop across the

-
P

noéhle using the\previously'calculated exit conditions.

N -

‘The eejror operatién is based on the mixing of the turbulent jet, . - v
isguing fron a power nozzle with a- co—flowing stream; the resultant

N ay

jet dynamic preesure is detected by a downstream co-axia!'receiver ’

tube. where the nozzlé to receiver distance is typically 14/d to 20/d. . '
.Thelinteneity of mixing, in being<dependen8 on the fluid shear, stress

between ‘the jet end the medg\red stream, will be a unique function )
8 Y

of the free stream velocity for a given jeg velocity. In particular,

'at zero stream velocity. the uhear etress and reaultaht mixing - N o

' B

.intensity will be maximum for a given nozzle supply pressure; thus -

the epreading rate of the turgulent ‘free Jet will be maximum and ‘the

resulting éenterline dynamic pressure at the receiver will be uint-um

o

Convcreely. at free stream velocitiea equal to tne,jet.velocity, the

ehear stress will be minimized for‘a given supply prebaure‘ thus the’

¢ 9,

lpreadina rate of the jet will be minimum and the relulting centerline
kY

) dynalie pressure at the receiver wilf be subst tially greater than for

> ! ?.‘

, zero measured atreaﬁ’velocity. 'Figure 2 shows the talle of the duct

. flow sensor dealt with in thﬁc sfudx; - . 0,,

Rl

o © s - LN . . .G
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1. 3 " Symmary of Prior Inveatigation ' ”\\ ‘ , T

The development of a turbulent jet imnera d in a parallel and co-

flowing stream has been investigated by e nusiber\of authors on ‘the baele'

'of?simplified (a] or extengive theoretical anqueie [4] inéorporeting
experimentally deterninedfconetents. |
Previous vork conaiated of determining the performance cherecter-
istics of two experimental sensor configuratione in a variable deneity

wind tunnel to simulate both pipe\and confined flow measurement appli-

cations [2].

H

flow static density, for a.given geometry and supply'pressure within
\ - .

defined broad operating limits. _— . °

. *

ot Previous studies [S 6, 7], have presented exblicit and tmplicit

4

numerical methods for the solution of jet flow in the near jet region.

presented a finite difference solution of the,

momentul equation to predict the velocity decay of an isothe:mal,

Recent work (8],

turbulent. incompressible co—flowing jet in zero preasure gradient
ueing the Pantakar-Spalding method [9] coupled ‘with a simple mixing

length turbulence model, previously developed for submerged jets {71.

The method requireu that the conditione (velocity, pressure and tempera~
ture) ‘of the free stream and power, ject be known at the nozzle exit The

receiver preeoure can then bo calculated from the predicted velocity
N

‘,ptofi s at different dietnncea from the noz:le.{

The finite difference -ethod requires that the -terting velocity

N
proiile at the noxzle exit be knowm.

The jet exit velocity profile

ra ‘ .

- . . . , . .
« . . . [
. .

Dimensional analysis coupled with experimental eveluatidn .

showed that the sensor sengitivity is directly proportional to measured '
. s . .

-
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N s ' v
: p cannot.be’convenientlj’meaeuéed*experimeﬁtglly. . The main task of-
: . : \ A

+ this study coneipts of predicting the jet nozgzle exit velocity at
. 'L , P
different’ applied differential preeh&ree.

e

, 1.4 Deacribtion-of the Problem

@
1

The co-flowing jet sensor (Piga. 1 and 2) conaists of a turbulent

Jet’ generating power nozzle coupled to a pressure supply ps, & single
L}

receiver is located on the centerlihe of the nozzle connacted to a

+
<

auitable pressure measuring device, and the necessary mount {ng’ herdyere

' -

"for the nozzle and receiver. A static pressure tap, mpunted'on‘the

1] ]

1\\ cylindrical duct surface, permits the measurement of the pressure

v

T 1 differential at the norzle exit. ' -4,

~ The nozzle .of the ducted sensor used in thin study consists of a . '
/

' i."bO.I in. internal dianeter by 2.0 in. long entrance tube brazed to a
. 0.023 in. .internal- diameter by 6.5.in. long exit nozzle as shown in

R 2 Figure 3.

. - . ' ]

‘,. : The task is to predict the‘velocity of the flow at the exit of

. the nozzle given the vd&ues of the pressure differential for the tdbe :

and nozzle assenbly, , B -
- " ' In the experimentql investigation, the rate of flou, .Qp was qeaeured
.. . for different valuea of the preusure differential between the nozzle,

supply and the nozzle exit. raﬁging from 0.1 psi to 14 psi.

R ! The nozzle exit velocity Vz could be predicted L€ the temperéture ’

P
, . !

Ty was knowm; although the anbinnt tenperature at the nozzle exit

R

[

" searn
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. region 1s known, the jet exit tempent\are can differ from thia}'vaiue. ) ot
¢ A . i \ R ) i . t _/‘ ' "~ I " . A N
. ’ 1. Approx;lmate Q)assification of the Flow . T ‘
' o T e Vs
b . a) In aect}on 1, approxdmate c.alculgtions s&ow that the chh number
! . .

. .4 o * C is low (max. value =0.03) and that the Reynold's number is .

: Voo T
¢ . ’ very low (max. value at preésute differehtial value of about .

'14 psi = 3000). The flow is thereiore aubsonic, incompteasible "

’

ard. laminar in this section. ~ . ’
* ; ! ' . a .
b) In section 2, the Mach iumber exceeds 0.3 at; low pressure

differential and reaches 0.78>at'about 14 psi. ' Reynold's number

. exceeds 3000. The ‘flow is therefore 1n the compreasible, e
. ) . @ -
turbulent region. : S )
. 1. Method of Analysis . S e

.a) Between secqtionp 1l and 1' the flow is 'ingonpreuglﬁle and la;linar: T
For. the fully developed flow, the Da'rcy—We_isbach equ,atﬁioq‘ can be

' applied: \

whare f is the fully developed friction factor. From the Hoody

B ' equation f = %‘L fc\vi' laninn' flow 4in mobth -and rough pipes.
€p.

. Minor losses ‘due to the 90 degree bend can be expreued for Eully ,'

’

developed’ flow aa followa. [13)

v
> = 'Kbend\}.‘;.

.

" where Kbend 18 the resistance due tb the bend; its value depends.

~

-on the ratio ‘t/R’

.
Ay
N,




PE———

2%

where r'ia}the fqdius of'cuiﬁature,,andlk'iq the inside radius,
! B . » N . . L o ) . ) iy ?‘, . N
of the tube. ) '

o
oy B —

. The botal preesure drop in éection 1 is then.

) 2 o b {
QV . . -
E+ Kbend> ) Y .

e

A
-(f

b) fhe'proceés ff&p section 1' to.2 18 more complicated ag& could

‘e & N Q ‘ . M ) -'

~

be analyzed as adiabatic or isothermal with friction.

’

total lehgth. of thia section. is of 0.5 1n., this means that - =

w 9.5
D " 0. 023

. turbulent flow is about 30 hydraulic diameterl or lesa ¢dbout

'The,

= 21. 7. The entrance length for incompressible,

20 to‘25 for Reynold's number of 150,0Q0 or higher). The enttancg°‘

v . length depends on the entrance shape.and on the Reynold's number. R

Y

The flow in this part of the nozzle is laminar at low pressure i

Ll

Hiffefenéialg:éhd turbulént at high supply br;naureu. The
e flow at'21.7 hydraulic diameters may not be fully developed.
.o ’ ) . \ \yr_ . . . ) ,
-particularly under laminar conditions, and losses due to entrance = ,

will be difffcult to evaluate.

" @ ' The losses- from section 1 to 1' b;illbe véry'amall compared to .

that from aectibn,l‘ to 2- (maximum of'b.iz,of‘tot 1 losses).. \'
X e . ’ ; oL L

' Conclusion : ' .

bl

L=
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a ! 'CBAPIE IL ' \
.. FLOW COEFFICIENT ' .
. / | T R ° .
2.1 befi_nition of the Flow Coefficient Lo Py " -
e Follw;nﬁ Shapiro [12), a nosgzle f'lgv'coeff:lc':ient is deﬂt;c'd by .
~Vactual = q fth . ' t o L (2f1) . - )
where wactuai the actual nozzle mass’ rate of flow . SR ';
v ' bq = the flow coefficient ’ T, >
L t:he“theorqtical mass flow rate. Lot ' . :
- A S .
Equai:ion (2.1) can algo be written as -,
(pQ)“tu‘l = Cq(PQyy, ' ) j (2.2)
In th:ln study, the objective is .to determine the actual exit’ .
volume flow rate; L - S e
y 1., Q me._e—-_.p!!‘._Q ) : : (2.3)
_ CExdt - q prlt the . , : »
'rhe temperature at the exit of th& noule is uﬂknown 1:- ‘value y St )

depends on’ the tlwrlodymiclprocen taking\p‘fica across the nozzle.
The actual’ theruodynuic procu- must be defincld 80 th“. ant," Pogie 4

cani be ﬁetar-{nud. .o . _ . , - s

In the case ‘of :lnconprunibl.a flow, -

' Qg QIdcal ; L o Lo T

. " ‘ d ! ’ a . h
and . p':h "’Bx:tt = constant
. Bquation (2.3) becomes = , . C
. thc - cq Q‘Id.‘l : . . . i-' o ‘ . . ‘ R (206’ ..
- ' . " : :" A ":l ¢ "
L '.;\ J ’ :’. - L A »‘" /
R PRRRERNCS .




In the case of adiabatic process,

. . (

. .- . -«, . . ~
- ) ~\ . E ch - QIO ’ pﬁh = .le S . ‘ ’ * I
whf\re ' Q, ™ Isentropic volume rité of flow at the, exit of t
iy L the nozzle. . '
e - " ' ‘,I‘ .
i pI. The density at the exit of the nozzle calculated
y : P ! . Il
‘ from hentropic flow equationo. < '
. CH ‘ i
l. . amd Qo =CootE-: : 2.5)
‘ .. ’ “Exit ‘q pExit In‘ - .
1 A - _ Y, ' L i~
e . or . QQExit - Cq 'QIp X ) -~ ’ (2.'6)
B " where' C' =-C, e L - 2.7y
‘ - . 1 T Pgese ‘ )
r . ‘ . X o : * ‘ » . PR
. @Cq = CQ_ o £ pp, = pEx_it - pldilblti\c (2.8)
‘ ) If the flow is feothermal, .. . -
¢ Q™ @ ) c T wmQeN W
T th ) Isothermal®y, ;. ¢ 1onlens }f v
. . . : ¢ I ‘
and ! Pen ™ Pre” . . . ,
b o g, @9
. ' th.ﬂ Q om r—— Y . ’ . . &,
v oA ) - uit q phit If e N a - ,

. or Ogxge ™ c: Qq . \ (2.10)
o “wo ' Prg - 2 E oo B
: © where = .Cq®Cq « om0 s - (2.41)
v i ' , hd . ’ ) hit r ’ , S~ o _

) X ’ ’ L ' ) ' . Lo
cq = Cqs if p_If . an:tt -".’,:l.oéthoml T (2712) ‘

fsmce tbc uctual procen 18 nc:u:her ad:labncic nor i.lot:heml.

- che valuu of cq, cq and cq were calculutcd Ercm equationu (2 lo.
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2.6, 2;10).‘?Q8x1t was obtained from the flow rates peauu;eé’ht’ihe-\
'inletldiffetent preaiu:g\égiioa across the nozzle. ' : . ) . .
) ) v Tz ' R ’.'; ' )
QExit (’t P2 and T2) Qmeasurﬁd(at Py and. T‘? TI ‘ {if;a) ‘.

. The values of Cq, d&.and C: ware %btained from equations (2:;), (2.6)

and (2:10) using measured values of Q at approaximately- 30 d{ffetent

\

pressure differentials. C

. . Pl ’
.

“In general, it is known thut Cq = fn (Ra. M); this telntionlhip . -

is studied for each of. thgwnnlungd_flow pxocanaesﬁin_the following

uection.
1
- -
A
f
’
¢
' .
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/ N
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v
. ,
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. \
¢ Q
.
. P
o *
‘ * ’
' .
o
. .
N 4
W M I3 '
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Assuming Incopprespible Rlow —

Following t:he trnditional me’thod of describing flow through

Q g,dt Py QIdeal

. / -
v '

3
f
i
a

RRR NS

ST

A,

P :&’..’:W':
)

v 7
e

'where A) 18 the norzle exit qrou-.-'ae,’ctioﬁ\hl"atea

» M

bhort-pube. nozzlen and’ orificea,' .tt}e _actual flow rate can be obtained -
from the equationz : ’

* VZ C . Vlz . * ’ . ’ i . .
Do pl - - p(—— ‘..’ 2 ) e *. . R (2014) »
Nesl&ct:tng the kinetic energy at the entrance, the energy equation
will reduce to:

-

4 ' . ‘ o R - R
DV22 4 ) ' .

o . 2 v ' ' ) , ! , . (2v15)

.o el
vhnre v2 fs the ideal vcloc:l.ty at the nozzle exit and Eﬁs is the static

pru-urc diffcronce at the entrnnc} and exit of the nozzle uunbly.

" Hence

'Qldealf'vz A' . B o )

s . . .o ' K . ‘
, W , ‘ P N
N T : o

) —-—-! - ”: , ” N :‘:‘l‘: o b
Qu“l\-‘Az [+ I ¢ i Lt M r ” .‘3 ,

. where Cq is detemined experimmtany. NI ,"\ B
| ' The energy equnt:ion for 4 Eully developed incompreuible '
flof'w tbrougl?, the noule{,-iai, L N
R N e ¢
B - A T I B "
.

1




- - 4 A e .
. '] ,.,JJ'_V‘, 3 - th ] N ) "1 e N
£ ‘g . 1\ “7 .A + ‘\)‘ ) ) .
g ', i;, ‘v . w:‘ R .
L o ¢ [ s
¥ ' . |
3 h - .
' . | -
5 ¢ .
] o .
\ ' -
- 11 - 1 '{f)l
'5 ! ’
A 4 e | / e
¢ /- Q 15 neuured using‘a rotameter with a met:er:l.ng fioat of

actual

0.25 in. diame:er (Fisher" and Porter Compgny, precision base flow-

meter tube no, FP-k—ZO-G-S) N : w

-,

A}

Cori‘ection for. ,pate\ring pressure is accompliahed usi’ng the rota-~
' ‘, el
b . meter chart:s, no coi'ggc/tion is: done for the temperature asamning that

+» the temperature at t:he nozzle exit is ambiant. SN
Py Qpyyy . D
Re = 2‘ E i . 2 1
2“2 ' ) °
T By Vyen iy D T
] . ..Z_.ZSMEL_Z . . ) ' . (2'17)
’ . . . pz . i . )
- ¥ o C ' . i < .

The Flow Number [10]: ' '

I3

*Ftom equat:l.on (2.17), it is ev:ldent that the valqe of Reynold'

7

¢’ num’ber can only be det.emined if the actual mean velocity through the

+ -

nozzle is avaflable.’

To avoid thic difficulty, it seems convenient to Kepresent the

variation of the flow coefficient ‘as a function of the flow mmber 2

vhere . ,
S DZ/\DJ2(p - )/p L B (28
/ .The £low number can be ‘evaluated without prior it_!}ow‘le’ylge of Cq
) -and the flow coaffj.;‘z\h;; caﬁ t;hcn be easily found t‘.ro‘m graphs of (fq
B \_ ’ ‘ andA - : : cot ‘ - P
e ; .. . The re-ulta obtained experimentally in this wotk are given in
| , A F]i;ure 5, "rhc variation of the Elow coafficienc tn plotted wich‘ both .

Reynold's mmber -and the 5101,' mmbar. 1
\ Tho conpuri.‘on ot‘ thc results of this work (Fig. 5) and thac
obtaindd by Lichtarowics et al. [11], (Fig. 8) shous that:




LVt C . . - 12~ . \ ) . : N * o
. ’ ] . ' Ty ) . .
- + = the L/D ratio of this study is 20 vhereas that of Lichtarowicz

@ - .has a m’ximmn of 10. No dgtailéd comﬁariscm can therefore be B '

- .

mda. even t:hough the flow number ranges correspond 1n the range

4 -

\ S " . 103 an;i 1. 1x10“ The L/D factor becomes- less at low numbers .
- ’ ? e 3 grgate;'thgn 104{ .; ’ . /
. c 'ﬂ ' - the values }or Cq at fiow n&mbers betbéen'103 a : 1‘1x104 are '
//' ' * B r'than the values obtained by Lichtarowicz et al. This 1s
/ : E:KET '

rpriaing since r.he trend 1\1"13\1“ 8 1s for-Cq to decruae with

: : , i Co
. ' increasing'L/D vnluen. N . o .

“h ©

Y

- the values for cq at flow number& higher than 1 1x10‘0 are generally

In the ufrnms—mammﬂed—bﬁiemw .

The follwing oeccion 1nvect:igatec for the varia:ion of t:he entrance‘

Y

coefficient at d:l.ffetent values of Reynold's number. This inveatigation

. should pemit to conclude whether or not the flow is fully developad

: . . * ' ! ' ' “‘-
g /f‘ . ‘< across.the nozele, ., ., ' ‘ :

2.3 mocfficient Auumin; the Flow Through the Nozzle {s_Adiabatic

’o ) «The theotet:icnl flow,;ate through the’ noz:le aumbly is asaumed to ,
— - be iun@ropic. It 13 nacepury to detemine theuinlet: and outlet. conditib%s ,

\ -o that t:he theorotical exit velocity can be caiculated.

The aupply pronut& l:o :ha nozzle is hcuureil, and. the prenure ag-
the exit of the’ noule “is atnolpherié 'rhe temperature at the noule exit

cm then be fom/uung ucntropic flow - cquationa. )hch nunber$ .at nction

R * 1 and uction 2 can be calculatcd uning two uuulcqneoun equationa ,
/7 o relnting the uupply and exit m‘ennre unfl thc croc?y-secuon rea ratid. l
. a- . Rxit Tcggcuture oL j . @%’f‘% : ) ,
' " The rahtiono bem«n puuure.i tanperneuu md dcnii.t.y Eor an . \\

uonctopic procou off.a perfact gas- au: Lo
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SRR

| - 13 -
‘ \ ; \'o" ’
) AXP s B:I__‘l-‘
Py » - 0y k.- T2 k
o == ) 5 (-)
R 4t Py P
A -
The temperature at the nozzle exit- 1s
‘ \1 k-l’l . 3
- .

Py
T, =T, c;I?\

and - o 1}¥§:
. Tz
i .pz - pl (iv: . ‘, .’ (2021) '
v S
* b~ Mach Number :
. From the one dimensional, steady, isentropic flow eduwations of
a perfect gu,'/we can vifi : — . ‘ , .
" kfk-l ) . |
o k=1 2 - )
(1 + > MQ) ‘ Lo . . (2.22)
Then ! / ¥,
k/k~ '
p, (1 + %5 u12>* ~ 2.9
‘ P k=1 2, k7%-T . .
- 1 (1 + 3 H ) ; .
. ’ '!! I.
(pz)l.(n“ul) Lo
P, el . 2. . .
1 (1 + 2 “2 ) “ .
Hence, for air, .
| r+o02m? : }4,/1’/ﬁr‘~4 ~
“2 - P“ o.aﬁv.l’ - S (2:24 .
"Yo.20% | | '
P
K
‘We can also write:. ) , *. ‘ - s
- ‘ —_ . . ’: ;
;o | ; —
. ’ ' 'fl \~\-’—r
g ~ Ly M_ﬁ_ \ ,;. cL l‘.' )
LA S e i o) SN 4

. - .
¥ :
S v
N
,

S~ R
(2.19)
» . '
}I\en given f»y“the equation:

(2.20)

At kbt i
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; "{f k] & J' ot
SR PSS AP N
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R T b ~g '< )
|,{' eo"”
. j (2.25)
o
, S
A M “*3'2_1’ M) )
S obl ol i = v IR R S
-2 2 | (.
I -

- Ld °

For air, this equation can be rearranged to yileld

¢ ¢

A, M M) Y ‘ ®
— 73 " - 2.3 ' 2o
A, (1 + 0.2 M.7) (1 +0.2M,9) : )
A 1 M . 4
. A ° .
Equattons—(2+24)-and—(2.27) ‘can be solved simultaneougly using .o
ot . ' _
litetetive calculation. “The value of Ml is assumed, Mz then\celcu~
-~

lated from equation ‘(2.24). , The two terms (ﬁ.H.S}-ahd'L.ﬁ.S.)<of

e

equation (2.27) are .then calculated’and compared; gye'vflﬁe of'Hi-

L4

“is changed and the calculation 18 repeated to finnlly obtain the .

equaltty of the two terms of equation (2.27). This method ia appiied

co the different values of the supply pressure. The resulte of this

pnocedure are tepresented in Table'’ 1. . ‘ oy

.

o

. b - ]
c- Flow Coefficient of the Nozzle h

From equation (2 6 )
I . N . V3 »

= 3 !
gge le €

% .
‘,8_ 9 Hz 2 2 LT " o
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- 15‘- IA.
A . Vodl

e
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t
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Using @quation (2.20) to replace T, by T; ve get
. 2k
, P2
C2 = k R Tl (BI)'

The relation between the measured rate. of flow and the actual

k"’l/ s \ ¢ -‘ LI "’

“rate of flow at the exit of- the-mnozzle is given by the equation'-

.. o T)
' QExi%t (at_: Py and Tz) = Q(me;suréd at p’2 a‘nd Tl) . -—1-

Hence . ! 1-k'

« T,/T, { P, 2k . o :
- Uneasured . 2A 1, (_‘_)_2_) (2.28)
My Ay KRT,. 1

%

= QExit‘ ) p2 ) D2 and A = p2 vIsent. i l)2

4y " Wy )

. , Rez

-

&

vhere Py = the density of air at P, and T. , oy,

The assumption of an adlabatic process across the nozzle to

o

calculate the flow rate feads to a variatioff of the flow coefficient

[4 .

as represented in Figure 6. It is inter;sting to note thaf, the curve

. obtained wi I Reynold's number agfees with. the curve of 1ticompressib_1e

flow up to 4 Mach humiagr of 0.40; above this value the curve shows

"a deviation and approaches the form of Hichtarowicz [11] (Fig. 8)

\ s

T

The difference betweep‘ the adiabatic flow process curve and

, the incompressible; flow curve at high Mach number values (Fig. 7),

reduces significan;iy when the f£low nusber is used instead of -

N
a ¢

Reynold's number. ’

g pias

v ) \f
‘
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+ 2.4 PFlow Coefficient Asaﬁﬁlng maothermgl Flov Process

b
Y

The flow can be ;saumed isothermal at low Mach numbers.

The Mach numbeJ at section 1 is assume&\:to be the same as deter-

.

miried in section 2.3, the irlet conditions being identical,

]

The temperature and pressure ‘at sections 1 and 2 as well as the
density at section 2. are known; ‘the missing p‘arameters neceasary to

detemine the flow coeffic{ent are, the exit Mach nuéber (Mz) and the

0
' ! .

density at section 1.,

1 _

a~  Mach Number

For isother-gl‘ pio’cess'in a perfecé gas, ve can write:

M = V/C = VAJKRT

,I/J-k—- 0.85 for air.”

‘ = V°/KRT, and T is constant -

at M= 1AfK, Vv = v*t [12,13]

”

' where V*t ig the critical velocity’where M attains the 'liﬁitiqg valae--}

2 R s
Therefo,L'e, -D-% - -lé%—z , a8
v v

from wh'ic’h ;—g—c- - Jl? M ' R | ‘ (.2..-30)

;he—perfect—gasrrehtioﬂiehé e
—%E '-4 —%E when'T .18 constant. L
e S
From continuity:

0 hAy 7 P¥ahy

o , p2v2 . Az . : ! . ) L :{ ‘-; _ . . - X N «




' i 'l‘/ ! , .
' -17 - _
) ‘From-equation (2.30) _ - - ) o
1 . . ¢
-Y—l- ‘ - El_ “
13 ' 3',2 M'Z' N
From th'e«;"i;erfect,gas relation ' . . ,
. - pl pl o ‘ ’ 4
. P2 S o .
Replacing in equation (2;31) ft‘:r'vllv2 and pllp2 we obtain .
SPp My A
. P My Ay : o
T from which ' , e
' P—Ay :
AN M, =M, - 2 . ~
'\\ 2717, K : |
s A b- PFlow Coefficient ) oo
. It is known from eqhat.ion (2.10) that
I W . .
G Qpese ./ Qut } o
where QEx:l.t - Qnea sured (mj. Tl and’ pz)
Also, * Qe Vif - Az~ MpCoAz . B .
where 02 - kRTl
3 ‘ Hence T
|
A‘ ' ~and 2
§ " N i
3 " 4
';:, " "‘- \”l".\ I
vy » , . b ‘gf‘p{;v‘p’;‘:{ .
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The results .obtained thfbugh the'assumption of & compressible

A} ’ N ’

isothermal process are represented in Table 3 in the Appendix. -
. " \ - ) ) . .
. ‘The‘varietion of the flow coefficient with Reynold's number .

is Thown in Figure 6 and the vdariation with the flow number is plotted

in Figure 7. ) . " :

-

“ Compariaon of the curves plocted for compressihle and incompreasible '

G
flow procesaes (Pigs.! 6 and 7) shows that the flow can be treated as

¢

in&ombresaiﬁle up. to a flow number vaine.of about 7000. At higher J

valuqa of flow number, the flow 1is compressible and an intermediate )
v} ! .

process between adiabatic and igothermal processes may be considered.

A . s -
P -However, the adiabﬁt;c flow curve can be used with a maximum error of 4
- about 2% on the Cq value and of about 6% on the exit flow rate value

" o

considering the fact tha: a continuous 1sothermal flow process ia

- e
o

) limited by a maximum exit Mach number of 0.85, and that Qe 1t(adiabatie) =

12 , .
(1sohhermal) . EI . ‘ ~ -

g

‘QExit

i —
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PRESSURE DROP EVALUATION .
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| ‘ CHAPTER 111
A . ‘ " PRESSURE DROP EVALUATION | .

W -

-~

G v o To eva];ua,te the pressure drop through the jet nozzle asaembly,£ '
N o : .

T it is obvious that we can separate the problem into two parts: the

pressure loss between section 1 dnd section 1' which is easy to eva-

luete and contribute By a negligible, portion to the total loss, and °
»

the pressure drop between gection 1' and 2 which represents ‘the major

part of the total drop. The evaluation of the losses between seet:lon p»

1' ‘and 2 is eomplica«ted due to the sudden contractg.on at Bec‘tion 1'.

’ ’ ' Entrance losses must, be considered and friction losaes depend on the .
nature, of 'the flow, ” ' S L ,,.J/f
" R 1~ . ° '
~ - v
. - Moreover, the flow cannot be treated as incompressible when Mach )

c N . N - ——
number :lk higher than 0.3; this implies that- different hypothesis must

[ a »

o : be considered to predict the themodynamic process of the flow between

. section 1" and 2.

. "' 3.1 Lossges Be(ween Section 1 and Section 1' .
’, " The flow in section 1 can be treated as incompredsible, steady

' =
.

- and ‘laminar; Mach njmber- does not exceed 0.03 and tne-m:timum Reynold's
LY - .

S . v

- ’ * o
.number is of about 3400 on tube diameter basis.
' . |py1
, Hence A.Pl B+ Kpgnd) X \
i . where kb nd is the resistance due to the 90° bend; its va uedis expressed '
N .- L
as an equivalent length :I.n diameter [6], and S -
S 64 . S | N
‘f - Re . ' ) - ' ‘ ' ' *
1 .
\: ) pvlz 1 '
64 L -
; ' ' : Apl - (Rel D + ‘fbend) 2 B
. : ' . S . ,
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3 2 Study of the Flow Betveen Sections 1 and 2

In general, the losaea in a t:ube are calculated- using coefficients

-, '

uhnae_xamzs_are_hued_nn_fnlly_dmlmd flow conditions. It is of a

great 1mpor.tance to determine if the flow, at the exit of “the nozzle

) a

under study in this work, is fully developad.

» 2

Y

-

‘Entrance Lengtn: ‘ . o N

) s ; o e

When a fluid passes into a duct from a chamber of different cross-
4 ' : ‘ ‘ )

.sectional area,, its velocity grcf:lle unidergoes a development in the '

course of the flow through the duct. The entrance length is the distance

from the duct entrance necessary to achieve the’ balance between the
- - N ‘

pressure and viscous-forces and to attain .eggentially fully developed
PRI ' ' ) :
-conditions with unchanging velocity profile. ' p /

For practical purposet, it is usually sufficient to ugocfate the

entrance length wit'\\ the distance from the entrance of tne duct necessary
+ to the pressure 3rad1ant to approach to within 5 percent to the full?“

developed value\[ 14]. . o

It is alco ‘of practical use, to nasociate the entrance length to

the distance along the axis wm 99

pev?ent of :I.to fully developed value [15].:
", The' preeaure gradlant at the entrance of a tnbe genern;iy hecomes

,;constant before the velocity prof ile.; the_ entrance lengths _bnsed on

the pree’fsnre gradiant gtahiiuatibn are then shfnlte,r. than those besed .

on the velocity profile de‘velvoplnent [14]. '

‘e : . , ' ¥
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A -2 -

The entrance ler;gth in a tube depends on Reynold's. number,

on tﬁe shape of the entrance, and on the t\a'tcre of the flow. ' \
At \'rery higﬁ Reynold's number, the turbulent. entrance length ' o
A //’ ! ! .

id o’nlyye/cately/ affected by the mag{nitude of the Reynold's number,’

—

' while at law Reyhold's ‘numbej:, the entrince length™ is very sensitive

to the magnitude of the Reynold s number. .
The entrance lengths in laminar flow are longer than those in
. turbulent flow [16] '
' We use 1n this vork ithe definition of the e'ntr’ance 1ength as t;l‘?

distance required to the centerline velocity to approach to 99 percent-

]

- £0 the fully developed value,

¢

The entrance 1ength (—-) for an 1nconpr;esa:lb1e, 1sothem1 steady , °
Dy

state laminar flow in a circular tube is related)to the Reynold 8 - } -

+

number by the eq_uation:
Ly 0.72 : o
(D)e " (0.04 Re + 1) + 0.061 Re after Chen [15]

&y - 0.60"
D'y 7' T0.035 Re + D)

+ O 056 Re =~ after Friedman et al.[17]

(%) = 0.06 Re N -after Langhaar '[15]
e . . . s

-

s
I S

ik, AR T MR I LRSI 3. Y™ I AT BT R

-where (%) is the dimensionless entrance iengt_h{in pipe diameters. ‘
e . .
\ - e ’ ) o - : '
In our‘case, the minimum value of- Reynold's number at the -laminar

flow region, corresponds to an entrance li‘ngth' of about ‘!B;nj«pe dinmctcm.

The nogzle ‘dimensipnless length is 21 7 nozzle dinmetern; it is then

L

clear that the flow c‘crous the nozzle 1a not- fully developed under '

.thé lu:lnar taﬁhe. ' ' : , ™~

. \ . . . . . . ,
.~ . ‘ - - K . - B . /
. - * . « . ) B !




3.3 Pressure Drop Between Sections 1' and 2 -

s
[ 3d

In calculating the pressure drdp, it .is con\yenient'go use fully -

e ———e

e ' developed friction.factors and to_add a t\:}(rection term to account %
» ) / \ i s .
~ for entrance—effects. _The pressure drop across the nozzle is thén
- . e
.'given by the equation:

v

fa

LR R R AR SRR CBY
R , ) h PR
. B . where D, = the hydraulic diameter ‘ R
-D for the circular tube E
, and K _accounts for the acceler;t;'qn of the fluid from
MY ~- ' . ‘ " ' rest (or 9V1) and the development of the velocit)’v/ y
: cﬁHaMMMmM;ggpation in the
entrance region relacive to chat in t‘ully developed A
'region. \ )
) K can also i:e’,defined ‘aa‘ K=1+1k' [14.16f] ‘
‘ vwheteﬂkL is the entrance loss coefficie;t. .
¢ ‘ o ' I
' The value of f, the friction factor, depends on the nature of the
; ,' ! flov. laminar or' turbulent, cmprepsible or inconprenible, ndiabatic .
= —or isothermal—) ' _ .

- a- . Determination of the Value of K * - W A
I S g . o

‘ 'l'he vqlue of K dependa on the nature of the flow, it 1s also a.

ﬁ

' funqtion of Wit&on at ‘the entrance region, but becomes conatant
in the fully developed flw r;egine. . ) , |
At low values of Reynold's nunber, K ia a function of the poniti.on ' '

“'at the entrance 'region‘. ani-var:,lu‘{with the ugnlt}ugla of lteynold ‘e
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~——
. ’

___ number. The variation of K at low Reynold's number was inirestigated by

-

Chen [15] and by Hornbeck [19]; the curves tepresent\ing this variation

are shown in Figure 9.

. At very high Reynold's numbeq, the entrante length is moderately D

g

then moderately affected.

From Chen [15] and Hornbeck [19] curves, it is obtious that the
) . ’ - . * ,.,_/
value of K is decreasing in the laminar flow regime as far as the

Reynold's number is increasing at the exit of the nozzle.

The value of K for a fully developed incompressible flow l{hs'been

'determingd by many researchers [19,16.18,20,21] x:c d varies from 1..18 ‘

to 1.5. After Chen [15] K_ = (1. 20 + 38/RY) [at low Reynold s number

A

valuea. and Jﬁ:er Olson [16] it has the value\at’l 39 for a sudden
D §
contraction of oo 0.2.
. 1 i .
At a fixed distance from the entrance, K decreases_when Reynold's .
‘ \ X ) N _ L%
number increases at the laminar flow regime; it reaches a einimm'n value

at' the t;rar;s:ltion zoné, then increases in the turbulent flow conditu’ms

, » . - o
to reach a constant value when the flow becomes fully developed [16,22] .

ek S TG o g e et

. Four aasumptions are considered:’

A The variation of they—eweéemined'using gefation 3.1 . ,,
- I" ' 2 i d L : . ‘

1.4
-

- '&V_ - \E ' N ) o
K tAp/(z)J £S5 pe . L
’ [ » -
+ The value nf f is obtained after the investigacion cf the flow. , \
. [y o . . -

1- The flow is ste%y, 1ncompresstb1e, iaotheml and\l \

-

‘laminar, . ] v
2~ The flow is steady, incompressible, isothermal and '/ c '
" ‘ \ . . . \

turbulemnt.. ' ' K o




L k - :
: . 5\- 'Thlﬁ%low‘ is cCompressible and adiabatic with frictiom. C

Lo 4~ The flow is compressible and isgthermal with friction.
. 1) “' <. R ! ' ' ’ i . . et —
. ' . b= Determination of the Friction Factor f -
.girst Assumption o ' &, R
) . t

ting the flow as steady, 1ncompressible, isothermal and laninar,

2
we can obtain th_e value of the friction factor using Moody equation for

| 4
s smooth and rough pipes.
s - R o ' A 4 ,
A Hence f= gl. . (3.2) .
N\ - - 2 . e

, PRV, ) : L
3 . - where ReZ-T; at’ P, and TZ-?I -, S (3.3)

Second Assumption: ) - w

4

Assuming the flow to be steady, incompressible, isothermal qnd

"turbulent; the friction factor is obtained using Blasius law for .

-

smooth pipes. Then !

o L £ = 0.316 A Rey® AW
\

.
v +

Third Assumption:

. The determination of the frictj.on factor for a c.lofnpreasible aaiabatic

 flow wi{,h friction in a circular duct is more complicated; the gas 18

assumed to be perfect and the equations of sdiabatic flow in constant

area duct must pe derived. .

e, Definition of the Friction Coefficient S »

I3

f'? R ' ~ The Eriction coefficient is+defined as‘he ratio of the wall

’ shearing stress to- the dynanic head of the stream. \

Thuc. -

f‘ - Tﬁ. . / "
pV2l2w= '




. : &

. The friction factor used in Blasius relation or in'Dhrcy-Weisbach'

° 2
. equation.is four times the friction coefficient. Thus,

4 Tw » , " .
2 /7 ) R (305)
. pve/2 . ..

f = 4 f' =

The hydraulic diameter Dy is defined as:

. Cp mhA_ L A
+ "h T dAfdy " dA, ‘
3 ;o

it is four times the ratio of,croqs-sectional area -to wetted perimeter;

O o (3.6)

in the case of J circular tube, it is equal to the inlet diameter,

"

’

where x is, the coordinate along the axis of the duct.

To obtain the mean friction factor in a duct, for a perfect gas

under adtabatic—flowconditiens;—it—is-sufflcient to know the values

of Mach number ‘at the limiting sections of the length L of the duct °

where the friction losses have to be evaluated. The following -equation

[12], is then used:
(k + 1M

201 + “21 M)

“Llpaxw 1-M2  k+1
e f 5 = ™ + o In

(3.7)

where Lpax 18 the maximum poasible length of the. duct wich a 11m1t1ng

Mach qpnber value equals to unity, and f is the mean friction factor

& ? M

wiéL respect to length, defined by . ‘
I
! o f ax . '

. ; -
‘ Lgax
‘ ';- : ¢ 0 B ‘ ' :vu

¢ N . "
- . o . N AT
. . .

The applicat on of_qéuatf@n_(3.7) énasectioha 1' and 2 yfgids

fLa <E Xy g max R e X
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\;1.

%
4 . . »

Using equation (3.8), we obtain the value of E% between the
' [ ]

»’g 8 " gection 1' where M= Hi and the section 2 whege M~ M2
| At section 1' the Mach number M) is calculated using the relation "
T "“F["‘ Hl““’ Xlr—v'i‘his -equation.-is obtained from the continuity equation
2

between sections 1 and 1' where the flow is assumed to be 1ncompreasib1e

"and isothemal.

- -~

Fourth Aasumptien.

Using a parallel analysis to that' for adiahatic flow, the friction

" factor in a duct, for a perfect gas under isothermal flow conditions',

‘can be obtained ‘wging the eqnaticn

f:l‘max - l - kMz + lﬂ kMz . ' * (3.9)
-, D KkMZ -
' , . ¢
o where Lngx 18 the maximum possible length of duct with a limiting
. : - \
N ' Mach number equal to 14k [12]. Hence:
~
L f Logx, f Lpax o

From equation (3.10) we can calculat:e the value of f -L"- between the

section 1°* where M= Mi and the section 2 where M = Mz under iso-

tlm—‘z‘ml—ttvw*condfﬁone%
Al ’ R T '
. M} = M -as mentioned for adiabatic flow.
! " 1 1 Az '

The values of the entrance correction factor. K, obtained Eqr ©
lncoupreseible and compressible. iaothemal flow pro«.maes are liste

" .in Table 5. The values obtained for the,adiebatic}\flw process are

listed in Table 6, These values are defined as follows:
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- K (laminar) is the value of /K calculated‘u'sing the incom-
pressible, laminar flow frictfon factor (f = :—2—) .under the .
g B :

exit conditions obtgined for adiabatic flow.

P

o - . ,
- K (turbulent) is the value of X caIculated using the incom-

» ”

' ' pressible, turbulent fricti&n factor (f = 0.316/.Reb) .und'er

the exit:conditions obtained ’f‘ot' adiabat:lc flo{v. .

g ,
- K (Fanno) is the value of K calculated .using Fanno equation to
[} A -

e 2

evaluate the friction factor (f) for adiebatic frictional flow.

H

'l'he variation of the value of K vs. Reynold's number is t;epresented

on Figure 10 ' . . c

?

" The values of K, in the laminar - flow region are *ained from

Table 5 for incompressible. laminar’ flow up to a Reynbld’s number of

about 3, 000 which correbponda to a Hach mmber of about: 0. 25. The

T valuep of K for the tranisition and. turbulent‘ regions are obtained from -

Table 6 for. adiabatic flow proce-a\ (K-Fanno).
'd‘ n e

A similar{’ pattem of the curve obtained in the present work (Fig. 9)

" was obtained by Olson [14] for rounded' edge entrances and by Lakahmana

N4
[y

and Nagar [22]

’l'he preaaure drop evaluated va,lues are t\;en in Tables 7 and 8. )

" The value of the entrance correction factor (K)! used' in the calculgtion "

. of the pregeure drop ig % 1. 39 which is the value given by Olson [16]

for fully deve],pped flow. The values of Ap indicated in Table 8 as

Ap (laminat), Ap (turbulent) and Ap (Fanno) represent the calculated

, 'values uaing different friction factors (f) 4w the same way @s for
Qx. ‘ o » b
the entrance correction factor. e i
. - ’ R . L Y ,

o,
i,
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. .

' o

.

. * Figure 11 represents the theoretical pressure drop evaluated )

4

B usinglincomp;éssible, laminar flow equations up to Reynold's number
[

of about 3000' (Mach number of about 0.25) and adiabatic flow equations

¢ L3

B

|

of the pressure drop. .

[N

It is shown from Figure 11 that the evaluated pressure drop{ié

i

.+ ' ~<higher than the measured pressure drop for all measured values up to
{ .

‘e

12 psi, . - . :
. . l . ) —
¥ - The discrepancy observed would be greater if the entrancé correction
» . ' s - ot
factor used was higher than 1.39. T ’ . -
i ) . .. : '
~ \ & - [N
. . ,

fof higﬁer values of Reynold's number, compared to the measured values *
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, , CHAPTER IV ; 3
. DISCUSSION OF RESULTS :

4.1 Summary of Results ,
-~ . . o

1- Comparison of the values of'cq calculated from Equations (2.4),

L (2. 6) and {2.10),shows that all values are the same up to a pressure
differential of 2.9 psi. The corresponding limiting values are A = 7x103,
- . Re = 6.5xl03 and M = 0.5. Below these limiting values, the flow can be

treated as i%compressihle. Any volume flow rate can be conveniently

calculated from Equation' (2.4), using the value of Cq obtained from

figure 7 at the corresponding value of A which is given by Equation (2.18).

"No prior knowledge of the nozzle exit conditions is required.

2- At pressure differential higher'than 2.9'psi, the adisoacic
' 3
and isothermal processes give identical values of Cq at corresponding

values of pressure differential (Tables 3 and 4). The vak?es of A and
Re change for the two processes because they are based jon exit condit}ons
which differ for sdiabstic and isothermal flow. Nevertheless, the plots
\ of &q vs. Re and A give values of Cq at corresponding values of A and Re
that agree within spproximstely 2. The smallest deviation occurs in '
the plot of Cq yé? A, (Fig. 7). ' The adiabatic exit flow for a given -
pressure oiffereotial is conveniently obtained by first finding the ’

) isentropic erit Mach number and temperature which.yields‘the isentropic ;
exit velocity. Thelnext,step fs to calculate the exit flow-nomber~ L —
(Equation (2.29)) and ro ootain the value of C; from Figure 7. The:

actual er;t“veloc;ty is the prqducf of C& aod the {sentropic exit

] &\ ' : velocity.

.
R )
[ . s
. I3 L ‘l‘
4 ' .
. . L
. P
} »
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{ the theoretical and experimental curves, can be attributed' to the use

"T-30 - \ .
3~ Pressuxe drop calculations are complicated by the fact that the

" flow is partially developed, is laminar, and’incompreséible for low : ¢

pressure differentials, is turbuleﬁt and compressible for high pressi;re

differentiﬁls and it falls in the transigionai compressible range for

'
s

intermediate préssure differentials. Most available theoretical and

’

experimental data for orifices, tubes and ngzzles acé restricted to
laminar or tu:rbulent: incompreas_iblle flocr.. The comparison between . “ . ‘
calculated and measured pressure drops shcows maximum dev'iation in the
middle range (Fig. 11). The selection of the entrance loas coefficient
w
l( is anothet complicating factor iR the computat:lon of the pressuré‘ drop.
The experimental results obtained for the entrance correction

1

factor in the pr,esent study agrees, in the laminar flow region,

'

1d's number lower than 3000) with the theoretical values obtained
—\;-:by Chen {1

factca; variation (Fig. 10) is similar t.;o those given ﬁy. Olccn (14] and P

-

. The form of the .obt:aineﬂcl~ curve of the entrance ‘correctz)ion

.

. ©
v .

Lakshmana' [22] ., . C : : : ' . Co
" The theoretically evaluated pfessure drops are lower than the. ;

experimentally measured values. Figure 9 shows that the diacrepgncy of

'of fully developed friction factors and rentrance loss coefficients.

v 4, 2 Recomend_ation for Furthet Researc g ' - . ,

e e

More accurate prediction of the flow coefficient will have to take"“ r‘%
into acdount the velocl;y profile develop-ent, and tpe presnure gradient

varintlon at the em:unce of 1he~nozzle.

l




o ‘-3 - . -

s R

. " . The tegperaﬁure variation at fhe exit of the jet nozzle will
: also have to be deterﬁiped expe:;mentally} ’ R

~ ’

’ . 4.3 Conclusion . : o

Although there are various aspects to be investigated, the prébent

v

- work should still constitute a useful contribution to the optimization

of the sensor desién as far as the exit velqctty'o( the power jet is

¢

.

. ‘ ‘

concerned. '
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‘of Uppsala, June 13, - 16, 1972.

* Submerged Round Laminar Jet from an Initially Parabolic Profile'

v b= 32, -
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EVALUATE THE PRESSURE DROP ACROSS THE NOZZLE

. FOR ISOTHERMAL FLOW
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~ FLOW COEFFICTENT FOR COMPRESSIBLE ISOTHERMAL FLOW

+ OO0
[ o] ]
ouney
[ 2 o)
o o o ¢

(ole]ele

O OMN

8p(psi)




|
TJABLE 4

CLMERESSIELE—ADIABATIC FLOW -

2

~

FLOW COEFFICIENT FOR

I

QOO

.

OMOO M
PN AN O
Ladala U]
Mnancy
o s 0 4
TG
=0
oAl
[efedate
=4 oy

NNO oy
NV o
O° AP o1y
o e
[ 3N BN ]
nien
DO
G ONG
0 a0 O~ ON

6442.9297
69714414
1376.9805

[-1"2]d (-3 4
QOGP N

-t QO
OOV

80 ¢
0N
U\OBG
Lol gulle
et kg
el gl oo e

’

®
NN
oomg

e
=N

'
*

+ O O X ]
O OO F\Otg

el AL™
-2 L
XXX
NO O

Lale e
& g

WU

Oy

ek gt o)

[k dal's T T
O~ NM~0OmM
BOO~~onr
"_'—.f o gl

o=t Pe
L &
+NO
PO ot
c s @
-1 0N

\
\

DN
Lal'al~
N

(Y- 1]

QOO

S ot 00
el &
0O
[ X1

LK)
NN

ro@M~M OO0
LA A £ .0 & L

N 2

L14

B




, ISOTHERMAL,

4

TABLE 5

R

.

L -Lalm il -l Al
=N NN &

a0
. QO
* e
oo

P ‘

. OP
. e
O,
U

—~eyeu

|
MO N
PO o O\ oed
O =AY OO
@& e & & 4
Nemt N O O
~ o o o
NSO

« PN T N
[} 0 o 4

NdﬂOOOO

-

¥

—

ENTRANCE CORRECTION FACTOR FOR FRECTIONAL INCOMPRESSIBLE AND COMPRESSIBLE

CONSTANT-AREA FLOW

QN D~

N\ O OO ot
NN O OP=P-0

~rHnooro $ QNN
=N U0 = OO N O NG

~ N0 0ONR DO
o 0o o ¢
OO HNDOO LT MO
O OMN Faninn.g
DO OPr MDD IO

ses a0
AT AN 00

S
momndodye
~ AN O
OrNOM$ T O
¢ o 8 & & 0 @
-t OO O X
Q#OQQNN
CONNMIND
ot gnct g gt ol s

t

9

NN MM
sec a0 e

0ROV

s o0 & % v

|
¢ '

MO NE O M
LR LT

s 000 5900

aNOM 3OO

OOOOQOOHOOOOUOOQ

NI DN D QOIS NI 1D o oy

0 et Or et O
o

Gedoadsalalial=a

(wlolelelolalnlelolelolololalelelelatele TETe b
QAOATOAOAOOOIONONOO0D
CROOOOOLOO0O0UOOO OO0
¢ 0 « 4
00000000 OTDOCOHOOO

T
1

AP MO
QUG oot
dos oo e
N~ ON
O NN O
NOM OO W
(- o= oT- - To o ¥ Yo}

;oaAmhm
PN i P
VO ONOL
e & & & 0 89
) ot (I~ 01 O
O-ONOOS

WP NN OMNDO~NIM
ot et N NN O OO

'
v

O LS O I TN Lot VD O S AN = O D MO
Ot (N NUIN ot et ) VN Dl (N (NP OV T

® o 0680 8 0 ¢

OO QI € vt onf ot ot st ond et

.
1
1

~him~wdomh~~~m oo OMmn~amOOmm -
IOWNE D" Lg1TaY e 0

i b AN
O NG M NN N ¢¢¢moo~mmwooo,
e e 0 4

®.0 8 s 0 o v ¢

1
©
OO 0 O

N O O ol st P 1 W
8 0 00 0 0 ¢

'

I N =t O O OO0 Pt QNN Pl O e o O8N P Q) O ot
QD AV AT IR PO o= T 4O O

¢ 9o ¢ 0o o 0 ¢
N e norod

S Nt O
TN -

€D COrmt et ot sul gl ol
!

[elelelaln) '
[8]e]elhls)

e 0 0 Qe o
QOOOagS /]

|

0 F cNOO®@
NNGO

m < Oon

0 0 Qe o~
L2l e oalale ] [
NOORON™ o
M OO -
QOO mimi

ot et ol bt ’

|

90 AN D OV e

P T=ON

X IX 7o T I —
e o0 de @
(=TaTol T J-
O = NN

NMenmm

s

+

Bl LAl ds! pv4
L I I A

isothermal

H
]
)

Iy
+

" :

-

e lelal ol

“turbulent

|
I
!
)
U P COUND -

Lol £ 30y
DR R X

N Qe NN
i pebond ool

v




~

8

S

~

o

TABLE 6

.

|

TIONAL,  COMPRESSIB

!

ENTRANCE CORRECTION FACTOR FOR FRIC

P

~

¥

LE,

Il

.ADIABATIC, CONSTANT-AREA FLOW

-

0

PR s L L S A e
Y

|

Qooco © O ittt NN NN N F W

0

O vt OC AN O U COUN E0 (NP it o 00 wt PP~ O ot (NN @ WD N
e ONNM A S NINAN D O ODDDVOC OO0 O000
(=T =Telslilalelelaloldlalolalalblalelaleml o Totote Do To T T
O00N0OAO0DNOOONMNAINIDOIOONONONN
O 00000000000V OONIOLOLOVOCLOO
' EEEEEEERENE X RN N I N I AN RN B N A B B B B
(elrlelelwlelelelelolalololelolelalelelalalolelmlaleolels]

DL+ P2 ONN S N O S OO~ O MMIND
NNSINN =L OMNDO NP G ~ON AN O D O OO OO AN (P
W\t N O et O F VNN O=HINO DL OOEME O LONN
oot 0 s 000000008 000000000 a8
ot o {5 0 A O F N QDO ot () et o P (A MO P NN O Nt O O8
WV Nl =t O et Rt NV DO P D O O P il (N O N
, OO SO CT PO EOFTME F DN Ot VNN
el NN OO N O OO P DN O OO meemtNNN

. ol o pmd o4 e v el of

'

OOYF-MU MO MOC DL E F OO UV NDO DO
PP PP g Nt NP OVC C oot P NN Dot Pe PO N N

PN OO TANOM G SO ME O DU OO et PN
© 090 060 ¢00 00 000 0000 @00 B RGO

Nt et (N OO i ot (R T OO N D) etod NP AL NO O OO0

PN OWN DO 0 ) €0 R NN O M 0N L) 1D F I O st NN
NS OO P CONNNINOMS DT ONOUNONO O mN N
' vl gt et ool o el et 0 NI TN N O NN NS O L ()

uwwow~¢~~~omo¢msch~c~~mm~mo
WO O MO MMM N P ONADNC O TP DO
MQOC‘M’*V\U\MMQF\F\(‘Q'U'W'\OFG)QO—O-‘NMQU\
@ 9 00 € 00 000 0008 000G B FOEFO WP OO
Nt D OQON OO0 DLCOOCOOL) O whrmted sutvd it od

3

4 i
O MEN VDO QO F NIV T NG OO0 DN R Qo
NG A GMM DU O At DN MO et Ot
b~ 4

pp(psi)
1"

(-

Re]

K
Fanno

-~

O FROE T TNNMNAOSE T INNNPP OO mtmt NG €
W es.ebe e g e e 00 O 90 00_ 0 0000 00
Lol [alelelelolelolalololelalvlelalelal e Qb Lot Lo Lyt l

2
'
[
.
o

OML INONO T 0N~r-t-m~mo~v~wo-§o-ommn
DONE = ONCQNO N O T DN N E L QN
400" QOO VOO AW P UL COIFNT N O OO0
O P 0 50 ¢ 60 0 00O S s o 0 0tB O O EDNYDY
=t DOV O OO OV 0yl pod A 14 94 pued #2454 4 gl oo oo 04

1

1194

FFICIENT ACIABAT

1

) o .
DA FNOF Mt OF - oD ORI ING
LW NN P UV P N otn0 O 7 CO ot QNP 0w N P s O P O XD ot
(et $ VA ONL TN SO S O DNTE™M
W o st e 8 000 00000 ©OON G O 000 0O
™~ O ONCH =N
. \ ot gafont pd
. : !
|

ENTRA

turbuylent

K
Taminar

_APg(psi)

X}

1 R "Q. ﬁl _ . !

~




TABLE 7

. PRESSUREDROP EVALUATION FOR

COMPRESSIBLE, - ISOTHERMI’L , CONSTANT-AREA FLOW

FRICTIONAL,

\

|

DROP EVALUATION, ISOTHE

650.071

PMAL
«058

0.068

G038 -

aNNO NSO
A O P NN O 0
AU F ot ot OO

NN N0

MO DO N~-MO
et ot OO N od
VOWn

=00 o O O O

co~ S~
OO N OO0 =t
MO O
‘s &8 2. 8 0.

(oleted [~1=1-1

QM et
Lallal 4
{TalTal¥ 43

[ I N J

Q0O

~oav]o
- G o F
000N~
o o [ ]
ooodo

=N QO M
MO P et NN PR O
P P D DDOTO OO et
LI o ¢ s ¢ ®

(#lelole lolale)

Calady)
ot 3 19

'—m~J0¢OﬂONQOOd

TN~ OOV 0Q0O S
N ONONOTINO OO~
e 0 0 & 0 % ¢ ¢
OOF“@OOOO&A

%2

AP
ap

APg

Ap
turb.

oPg
Ap
Tam.

AP(psi

{soth..

Y

ot o

Q= N0 O

0 [ .J#NN

ol & o ol g vl
umoNo ﬂmaoéoo
hwcoo¢~a¢ov~mo

oomﬁom

v

Qalelololalel lo

o o 9 & o 00 40

ohmeloo—---nmm
e ]

’

SN e SN 0o H-

N SO = NN O
e s ode oo 45
N O OO0

©

000AmoN3~¢~ oA~ r-rnaain

; “
! [

~—

DEND I NI O & (P~ f ot

PP L) =4 OV D
oo od O NP et (N

.0 6044 ¢

0
Mﬂ‘ SNOM OoqN
‘ tododomt

‘namamﬁ

i
(pat )

Ps(psi)  AP(psi)
laminar
o=

.
-

@




e T :
o e

R
3

*

A‘m FLOW

4

€ @ =

o .
" ‘WO-Q
@

o=t
"2V,
U-T.,
Tttt €

OO0 G

TABLE 8
ADIABATIC, CONSTANT-

I3

FRICTIONAL, COMPRESSIBLE,

-

PRESSURE DROP EVALUATION FOR "

TN

PRESSURE DROP EVALUATION, ADITABA

0.068
0,135

0.088
D.168

oy

" Q.083

oi‘ﬁo
N EN]
mm

qen e
Fano~

)

Ap(psi5

‘ Aps(péi);

AP(psi)
Fanno

Ap(psi)
turbulent

Taminavy -




