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NATIONAL ADV I~ORY CO~~ITTEE FOR AERONAUT I CS 

TE CHNICAL NOTE NO . ~63 

tRIC1ION IN PIPES AT SUP ERSONI~ AND SUBSON I C VELOCITIES 

~y Jnse?h H. Keenan and Ernest P. Neuma nn 

SUMMARY 

The a p}a rent frictinn coefficie~t was de te rminpd ex­
perimentally f0r the flew cf air through smooth pi08s at 
subsonic and 3u)ers o nic velncities . Values of the L.ach num­
ber ranged from 0 . 27 to 3 . 87 and of Reynolds number from 
1 x 10 0 to 8.7 x lC 5 . I n SU Jerscnic flow the results W8re 
found to be strongly inf l uenced by the Dresence of obliQue 
shocks formed at the junct i on of nczzle a~d J i )8 . The pf­
fect of these shocks on the coefficient of frjction was de­
termined. Nozzle for~s were devis e d which eliminated the 
shocks and their effects . 

It was found that at distanc~s from the Jipe inlet 
greater than 5C diameters the a} )arent coefficient of fric­
tion for com~ressible flew at mach numbers greater nr less 
than 1 is aJ Jr0ximately eQual , for eQual Rpyn~lds numbers, 
to the coefficient o f friction f o r inc o mJressible flow with 
cQill)letely deve l o}ed boundary lay e r . kach numbers greater 
than 1 are rarely ma i ntained for len€ths of 50 diameters. 
For attainable len~ ths the coefficient of friction is a 
function of the ratin of length to diameter and the Reynolds 
number, with the ~ach number at entrecce deterrninin& the 
maximum attainable length . 

I NTRODUCTI ON 

The effect of friction on the f l ow of corn }ressible 
fluids in p ipes of unifnrm crnss - sectiona l area was inves ti ­
gated analytically by Gr asho f (reference 1) and Zeuner ( ref­
erence 2) who arrived at a relationshiJ between velocity 
and fricti o~ coefficient for ~erfect g~se s. Stodola (refer­
ence 3 ) shewed that the curves of Fannn Jerrnit a general 
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g rap h ic a l treatment for any law of friction. Fr~ssel (ref­
erence 4) p r e sented th e first extensive measurements of 
friction coeffici e nts for the flow of air through a smooth 
tube with velocities above an d below the velocity of sound . 
li is measured coefficients for both subsonic and supersonic 
co mp ressible flow appear to be in excellent agreement at 
c orresponding Reynolds numbers with coefficients measured 
for incompress ible flow. Keenan (reference 5) presented ex­
pe ri men tal d a ta on commercial pipe for .the flow of water and 
f or tho flow of steam at subsonic velocities. These indi­
c a ted t hat t h e friction coefficient is the same for the samo 
Reynolds numbe r for an incompressible fluid and for subsonic 
flow of a comp re ss ible fluid. 

In the sub s onic region the measurements of FrOssel and 
of Keenan were in ac cord in t hat they revealed no variation 
of t he friction c oeff icient that was po culiar to compressible 
fluids. In th e supersonic region the measurements of Fr~ssel 
pointed to a similar conclusion. Fr~ssel's data for this 
re g ion were pub li she d as a chart (fi g . 7 of reference 4) 
whic h , d esp ite its small scale, seemed to reveal great ir­
r egularities in the data. The friction coefficients, which 
were computed from the derivatives of the curves through the 
experimental p Oints, must have been sub ject to great uncer­
tainty. 

This investigation, conducted at Massachusetts Institute 
of Technolo gy , was sponsor e d by and conducted with the finan­
cial assistance of the National Advisory Committee for Aero­
nautic s . 

SYMBOLS 

a cross- s ectional area of test pipe Csq ft) 

D diameter of test section (ft) 

d throat diamete r of nozzle 

F wall-friction force (lb) 

G mass r a te of f~ow per unit area (lb!sq ft sec) 

g accelerat io n g iven to unit mass b y unit force (ft/ sec
2

) 

h e nthalpy (ft-lb!lb) 
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k ratio of specif ic heats 

L l ength of test section (ft) 

M Na c h number 

p pressure (lb/ sq ft abs. ) 

He Reynolds num b er 

T te ~pe rature ( F abs.) 

T m 

V 

v 

w 

mean stream t emp erature at a g iven cross section of the 
test p i pe (F- abs.) 

mean stream te mp era t ure at the initial state oj the 
fluid stre a m, that is, whe re V = 0 (F abs.~ 

mean veloc i ty of the fluid stream at a given cross sec­
t ion of the test p i p e (ft/~ec) 

specific volume (cu ft/Ib) 

mass rate of flow (lb/sec) 

x dist an ce a long test section (ft) 

frictio n coef f icient 
T 

A friction co e fficient calculated from c 

_1_ = 
J4Ac 

-0. 8 + 2 log Re %c 

with Re based on Tm 

A. fricti on c oeffi cient c a lcul a ted from above-mentioned 
1 

p 

equat ion wit h Re b ase d on Ti 

mass dens ity (~' 
v g) 

T fricti on for ce p er unit of wal l surface (lb/sq ft) 

8 an g le between walls of entrance nozzle 

3 
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Subscripts 

i refers to the initial state of the fluid stream 
where the velocity is zero 

1 and 2 refer to arbitrary datum sections along the test 
p ipe 

Constants used i n calculations 

k ratio of specif i c heats (1.400) 

4 

s p ecific heat at constant pressure (0.240 Etu/F Ib) 

A number of foot-pounds in 1 Btu (778.3) 

OBJECT 

So me prel i minary investi g ations (reference 6) into 
supersonic flow of air which were made in the Laboratory of 
Mechanical Engineering at the Massachusetts Institute of 
Technolo g y indicated frictio n coefficients appreciably dif­
ferent from those reported by Fr~ssel. The prosent investi­
gati on Was undertaken in an attempt to resolve this disa­
greemen t and to obtain some dependable experimental da ta on 
supersonic fl ow with friction . In order to tie the investi­
gati on into p revious studies of the flow of incompressible 
fluids SOme me asur ements of subsonic flow were included. 

TEST APPARATUS 

The arrang ement of the test apparatus is shown in fig­
ure 1. Air is supp lied by either a two-stage, steam-driven 
co mp r essor or " a ro tary , electric-driven compressor. At the 
discharge from the compr essor is a receiver to smooth out 
fluctuatio~s i n flow. For some tests a dehumidifying system 
was used to remove moisture from the air leaving the comp re s ­
sor. This dehumid ifying system consists of a cooling coil 
followed by a henting COil. It is connected into the system 
as shown in f i gur e 1 . 
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The air stream is introduced into the test pipe through 
a rounded-entrance nozz l e of circular cro ss section. Details 
o f the nozzles used in different tests are shown in figures 
2 to 5. 

The test pipe is in each instance a piece of standard 
drawn brass tubing. For the subsonic tests the inside diam­
eter of the tube WRS 0.375 inch. For the supersonic tests 
three tubes were uned having inside diameters of 0.4375, 
0 . 49 8, and 0 0 945 i n ch, respectively. 

The air stream leaving the test pip e is discharged 
either to the atmosphere or to an ejector which uses steam 
as the primary flaid. 

The p re ssur e Deasurements , from which the friction co­
efficients are calculated , were made at holes of 0.020-inch 
di am eter drilled in the tube wall. To avoid a burr at the 
inside edges of the pressure h oles, the inside of the test 
pipe was carefully pOlished with fine emery cloth. Connec­
tions between the pressure holes, manifolds, and manometers 
are made with 1/4-inch copper tubi ng. 

All pressure differ ences were measured with simple 
U-tube manomete rs. In the supersonic test the pressures in 
the test pipe were general ly smal l fractions of an atmosphere. 
They wer e measu red with an abs olute me rcury manometer. With 
the aid of a sliding marker on the manometer scales, pros­
sure differences could be read to 0.01 centimeter. Pressures 
higher than 50 ps i gage before the i n let nozzle were measur~d 
with a c alibrated Bourdon gage; lower pressures were measured 
with a mer c ury column. 

The temperature of the air stream in front of the noz­
zle could be measured by either a copper-constantan thermo­
couple or a mercury-in-glass thermometer. Readings usually 
were made with the thermometer. 

The discha r g e coefficient for the 0. 375-inch diameter 
subsonic nozzle was determined by means of a gasometer. The 
disc harge coefficients for each supersonic nozzle were ob­
t ai ned fro m the A.S. M. E . data on nozzle coefficients (ref­
erence 7). 
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METHOD OF TESTING 

The a ir comp res s or was started and suff i cient time al-
10Ned to e l apse to obt a i n steady - state conditions before any 
readings were taken. Tempe r atu r e readings were t aken at def­
inite i n te r v a ls of tim e . Pressure dif fe r en ces be tween a 
g iven pa ir of taps were measured on either a mercury manom­
etar or a wat er man om eter depending upon the magnitude of 
the d~ffo rencc to be measu r ed. I n order to establish a COn­

tinual c he ck against pos sible le akag e f ro m either of the two 
manifolds , p ressure diffe r ences wer e recorded for ea c h pair 
of taps , "lith the h i ghe r p re ssure f ir st in one manifo l d a nd 
t hen in the other . To c he c k agains t poss ibl e le akag e from 
t h e c onnections between t h e pressure taps and t h~ manif old, 
a soap - and - wat er soluti on was appl ied a t each co nnection. 
For the supe rsonic run s , wh er e t he p r~ s sures measured were 
below atm o sph eri c p res su r e , the man ometer system was t e sted 
by s ubj e cting it to a pressure high er than at mospheric be­
fore star ti ng a test. 

RESULTS OF TESTS 

The Apparent Friction Coefficient 

The re sults o f t hese tests are shown principally in 
terms of the ap"p a._r:.~~~ri c t}on c oefficient "A. This term 
is intendud t o represent for any c ross section of the stream 
the q u all t it y 

where T de n otes t he shear stress at the pipe wall, p the 
me a n de ns ity, a nd V th e mean ve locity. I n real ity the ap­
pa r ent friction coeff ic i e nt i s defined in terms of the meas­
ured quantities, f l ow po r unit area , an d pressure, throug h 
equation ( 8 ), t cg:; ther 'with equat i on ( 7 ), of appendix A. 
Equation (8) is :'d.enti c a l wit h the statement 

if the v e locity a c ro ss e a ch sectio n is sO ne arly uniform 
that t h e mean velocity found fro m the flux of kinetic energy 
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is identical with that found from the flux of momentum, or 
if th e flux of momentum and the flux of kinetic energy do 
not change from se ct ion to section. 

The flow of an incompressible fluid in a pipe at a 
great distance downstream from the entrance satis fies the 
latter con dit ion. The flew 6f a compressible fluid satis­
fies neither condition. It is probable, however, that the 
former is nearly satisfied in c ompressible flow at a great 
distance do~nstream from the entrance, provided the longi­
tudinal pressur e gradient is not inordinatel y large. 

? 

The magnitude o f the true friction coefficient (2 T /pV
a

) 
can be fonn(l only from a determination of the magnitude of 
the shear stress at the pipe wall. If the shear stress is 
to be measured di r e c tly, the experimental difficult ies are 
formidable; if it is to be deduced from pressure measurements, 
either the analytical difficulties or the uncertainties in­
troduced by supposition are likely to prove discouraging. 

The apparent friction coe fficient, on the other hand, 
may be rather simply deduced from commOn types of measure­
ment. Moreover, when its value is known it may be readily 
applied to the design of passages. 

The adoption of the apparent friction coefficient for 
reporting the resu~ts of measurements of the type presented 
here will facilitate comparison between data from different 
sourC8S& The calculation of the apparent friction coeffi­
cient ~nvo!ves tte si mp lest calculation and the minimum ex­
tran80US hy? othesi s consistent with reducing the measure­
ments to a basis of comparison. The tests of Fr~ssel (ref­
erence 4) and Keenan (reference 5) have boen SO presented. 

In all subsequent paragraphs the term friction coeffi­
cient is to be interpreted to mean apparent friction coeffi-
cient as defined by equation (8). 

Subsonic Flow 

The results for the subsonic tests are presented in 
tables I to IV. The variation in pressure along the length 
of the test pipe is shown in figure 6. For test 1 the pres ­
sure in the exhaust space after the end of the pipe was be­
low tho sound pressure - that is, the pressure at the state 
of maximum entropy; consequently, tho flow through the pipe 
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Was t h e ma x i mum flo w cor r e sp on di ng to t he initial cond i tion 
o f the a ir s t ream. F o~ test 2 t he air stream was t h ro tt led 
beh i nd t h e p i p e and f or t e sts 3 and 4 in front of t h e pipe. 
to p ro duc e p res s ur es at the pipe exit in exc e ss of th e sound 
pres sur e , wh ich r e sult e d, i n turn, in a fl ow less t h a n th e 
maximum f low f o r t he e x isti n g initial c ond i t i ons . 

Th e fr5cti on c oa ~ fi c1 8 n ts c orres ? onding to the i nt e r­
vals o f p i p ' l engt~ b e t wAe n p res s ure taps are given in t a bl es 
1 to IVu I~ fiGur ~ 7 t h e ari thm9 ti c mean o f thes e v al u e s o f 
t h a f r~ ~ ti0n c 0 e ~~ i c ~en t f or ea c ~ t es t i s plotted a g ai nst 
t h~ a~~~h~ e t i c mean of the R8 y nolds numb e r for tha t t es t . 
The l e ~~~h in te rv a l fr om 0 t o 1 fo o t wa s omitted fr om t h e 
c al c~l u~ ic~ o f th2 neun ~ e c au se t he v~l o c i ty p rofile wa s 
doub tl er B ~ h3n g i Dg Gre a tl y in t hiR i n~~r v nl. The l a st 3 
inc h os of leng t h ~lro ~e r A omi t t ed be Gau se of t h e e f fe c t on 

' v G10 ~ity and p r ~U GU le i if t ri but i ua u f thD a hrup t di s c ha r g e 
into th e e x hau st Ap a ce o T~u s th e ~ a t q o ~ fi gure 7 cor r e sp ond 
to a we l l - dev elop ed b ou ndary l ay er a ll~ as st ab le a veloc i t y 
pr o f il e a s the co nd ition s of compr essiole flo w permi t. 

Th e Vo n Ka r man - Ni lruradse rel a t i on between fric t io n coe f­
f ic i e n t and Rey n Ol d s number f or i n c 0mp re s sible flow is s h own 
b y the c urve on f i gure 7. Th e g re at est discrepancy betw e e n 
the p re s e nt resul t s a n d this curve is of the order of 3 p e r­
c e nt , Whl Ch is a ppr ox i ma tel y the degree of u n certai n t y i n 
t he p r esent measure ments . 

Fi gur e s 8 and 9 s h ow the vari a tion alon g the leng th o f 
the tu)e of fri~ t ion co e fficient , mean temper a ture , an d Mac h 
nu~be~ to r te sts : an d 2. The values of friction coef f i c ient 
f o r lC~ Orl?~S ~8 i ~lq flo w co rresponding t o the Reynolds n~mb er 
at eac h p e ln t a:o n g t h e length of the pipe are shown b y t he 
dash c urv e o f fi gu re 8. In test 1 the Mach number ran g es 
fr om 0 0 32 to 1 an~ i n test 2 f r om 0.3 t o 0 . 47. In both t es t s , 
h owever, the a g r e e ment between t h e measu r ed frictio n coeffi­
c i ents and tho se f~ r inco mp ressible fl ow is consistently 
g o o~. Thi s agr eo ~ on t c0 n firms the conclusion reached by 
Ke enan ana by F r ds sel t hat for subsonic velocities the f r ic ­
t i on coefficient is a fu n c t ion of the Re ynolds number and is 
n ot a pp r e ci ab l y affected b y c h an g e in the Mach number. 

Supersonic Flow 

Le n g t h of test pipe.- The leng t h of the tes t p ipe for 

sup e rson ic t e sts is limited b y the d i ver g ence ratio o f t h e 
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no z zle that feeds the pipe. For a given divergence ratio 
and a g iven nozzle efficiency, a maximum length of test pipe 
e x i s t s for which a transverse pressure shock will not appear 
i n a pi p e. For greater lengths a shock appears, and this 
s h ock moves closer to the nozzle as the length is increased. 
Since t h e velocity of the stream on the downstream side of 
t h e shoc k is alway s subsonic, the maximum length of super­
s on ic flow is attained in the longest pipe without a pres­
sur e s h ock. Considerati~ns which govern the length of sub­
s on i c a n d sup ersonic flow arc presented in appendix B. The 
ma ximu m len g th of sup ersonic flow attained in the present 
tests i s 5 0 diameters. 

Th e No zz le.- If the junction between the divergent noz­
zle pas sage a nd the test p i pe is not properly designed, an 
oblique s hoc k wave will form at or near the junction. This 
wa ve will extend down and across the s t ream until it encoun­
ter s t h e opp osite wall and then will reflect back and forth 
along t h e len gth of the pipe. Figure 10, from the thesis of 
Hu ron and Nelson ( reference 8), shews such oblique waves in 
a two-di me n s ional nozzle. Since in crossing the oblique 
s h ock t he pr essure ri se in the stream is almost discontinu­
ou s , me asu re ments of pressure vari a tion along the test pipe 
become d ifficult to interpret. Moreover, it appears probable 
that t h o e x istence of the s h ock stimul a tes thickening of the 
boundary lay er a n d sO influences strongly the magnitude of 
the fric t io n coefficient. Under extreme conditi ons the ob­
li que shock may initiate separatio n of the stream from the 
wall. 

With t h e aid of the method of Shapiro (reference 9) 
noz zle s we r e d e s i g ned so as to introduce the stream int o the 
t e s t p i pe with out the formation of an oblique shock of suf­
ficient i n t en sity to affect the measured pressures. Figure 
11 (fr om r efe r e nc e 8 ) shows the flow from a two-dimensional 
nozzle wh ic h is comp a rable to the test nozzles and which was 
desi g n ed by t he sam e met h od. The first photo g raphs, taken 
by th e schlie r en method, of flow through this noz zle showed 
a cl e ar fie l d in both noz zle and tube. In order to make 
vi s ible th e p attern of flow and to demonstra t e that sho c k 
wav e s i f p re sen t would b e discernible, the walls of the noz­
zl e and th e parallel passag e were k nurled. Each rib of the 
knurling set up a disturbance of small magnitude which ex­
t e nded a cross the stream in t h e manner of an Oblique sh ock . 
Si n ce th e p resence of these small disturbances could be de­
tec t ed, the p resence of an oblique shock would also be de­
t e c ted. The wa lls at the junction of the nozzle and tube 
a n d for a s h ort interval in t h e passage a little distan c e 
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dow n str e a m f rom the junction wer e left unknurled to permit a 
shoc k t o b e more re a dily disting u i shed , but n one appeared. 

Th o e f fe c t of an g le of divereence.- To determine the ef­
f o ct on t h e app arent friction coefficient o f oblique shocks 
in the test p i p e, a s e~ies o f te s ts were made using entrance 
n o zz le s wi th coni ca l diver g ent s c ction s of different angles 
of diver g e n ce 8. Th e junctiQn of t h e nozzle and p ipe was 
i n e a c h c a s e a s ha r p corner . 

The v a r i a tion in p ressure along the test pipe for vari­
ou s v a l u e s of the a n g l e of d iver g ence is sh own in figure 12. 
For an an ~ le of 2 4 0 the p ressure decreases along the first 
10 di a~ete r A of p ipe length. This decrease app e ar s to be an 
e x ten s ion of th e ex p ans ion from t h e nozz le into the test 
p i pe . It i s doubt less c a us e d b y s eparation of the stream 
f r om t he wal l s o f t he nozzle . 

For a n g les of 18° or l ess t ho rise in p ressure across 
t jl e CO rl. er a t t h e junction "' a s me a sure d by means of pressure 
t a p s l oc a ted i mm e ~ i a tel y be f ore un d a f ter the corner. The 
me a sure d p r essu r e rise is s h own in e a ch instance by the in­
terv a l bei we en the tw o p oint s a t ze r o value of LID. The 
r a t io o f p r essur e s acro s s th e jOi n t v a ries from 1.30 for an 
ang le of 1 2° to 1.03 fo r a n a n g le of 20. The dep a rture from 
1 in the l a t t er fi gure is h a rdl y in ex cess of the uncertainty 
i n the p r essure measurement s . F o r an angle of 6 0 the ratio 
i s 1.16. The anal y sis of Meyer (reference 10) indicates a 
p res s ure ratio of 1.22 a cro ss the obli qu e shock arisin g fro m 
a ch an g e o f d irection of 3° at a Mach number of 2.29. This 
a na lys i s i s a pplicab le onl y to two-dimens ion al flow which 
t h e f low n ear the tube wall should appr oxi mate. The experi­
ment a l and anal y tical values appea r to be of the same order 
o f ma gnitude. 

It may be seen from fi gure 12 that as the angle of di­
v e r g e n ce de c r eas e s t he pressure r ise at the junction de­
c r ea se s and th e curve of pressure agai n st distance becomes 
s moot he r. With a nozzle des i gned for shock-free conditions 
t h e c u rve be co me s smooth a nd the rise in p re ssure at the 
junc t i on b e c om es zer o within the pre cision of the pressure 
mea s u r om e n t s . 

Alt hou gh me a surements made under other than shock-free 
conditio n s are not consider e d v a lid, a study Was made of t he 
e f f e ct on the a pparent frictio n factor of nozzles of the 
ordin a r y t y p e . Such nozzles were used , presumably, by 
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Fr~ssel who gave n o i ndi cation that h e had developed a spe­
cial nozzle f or the purp oses of his t ests. The friction co­
efficients c omputed fr cm the curv es of figure 12 are plotted 
i n figure 13 aga i nst t h e angle of di verg ence of the nozzle. 
Th ese friction c oef ficie nts a re the mean coefficients for 
the int~rval of 18ng th bet ~ een values of LID of 1 . 59 and 
27 .0. This interval was ch osen be c ause it i'laS approximately 
t he sa~ o as tha t u sed by Fr~s s el. 

AccordinG to the data of fi gure 13 the friction co effi­
cient for a gi ve n Reyn olds number app roa c hes the Von Karman­
Nikuradse value for i n compressible flow as t he angle of di­
ver g ence increases . Perhaps t his is evidence of the increase 
in thicknos s of th e boundary l ay er c aus ed by the obli~ue 
shoek " Th e Von Karman -"U i kur ads e value is obtained from flow 
at lar ge value s of LID, wh ere the boundary layer fills t h e 
cro ss sect i on and tl rbu].en~ e i s full y developed. In super­
sonic flow the presence of an oblique shock may have an ef­
fect on the boun d a r y layer similar to the ef f ect of len gth 
in in comp ressible flow . 

Th e apparent fric~ion coeffic i en t .- The apparent fric­
tion c oefficient A is p lotted agai ns t dist an ce from the 
entrance t o tho t3 st p i ~e i n fi gu r e 14. Data for the tests 
shown i n figur e 1 4 are presented in t ab les ~ to I X. The two 
extremities of th e ho rizontal li ne wL:'~h pa s ses through ea c h 
test point of fi gure 14 show, r espe c tive ly . th e p o s ition s at 
which th e two p ressures use d in calculating the v a lue of the 
friction c oeffi cient were me asu red. Thus each p o int repre­
sents a mean v a lue of the apparent friction coefficient over 
a sh ort interval of l ength . The p r essure differe nce ac ross 
this interval was in each inst an ce very small, and any i r­
re gu l a ri ty in the pressure di str ibution Or any error i n a 
p re ssu ro measu r oment had , ther e for e , an exaggerated effect 
on the c a lcu l ate d fri c tion coefficient. For this reason the 
p oi nts of figu re 14 s catter over a band of co nsi derable 
width. Neve rtheless a definite pattern is discer nib le which· 
is common to all five sets of dat a. Near the entrance to 
the t es t p i pe the co efficient de creases sharply with increas­
ing distance along the pipe . At a dist a nce of 5 to 10 diam­
eters the coeffic ient passes t hrough a minimum. At greater 
d i sta~ccs thero is evidence of a maximum followed by another 
minimum. 

The data of fi gure 1 4 are not sufficiently p reci se to 
establish the numbe r of maxima an d mi nima or th e amplitude 
of the flu c tuat i on s in t he value of the coefficien t, but an 
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attempt to approxim a te these is represented by the solid line s 
of fi gure 14. A somewhat similar variation in friction coef­
ficient near the entrance to a pipe has been shown for flow 
of an i n compressible fluid by Kirsten (reference 11) and b y 
Ero oks, Craft, and Montrello (reference 12) . It is doubtl ess 
a phenomeno n relating to the transition fro m lami na r to t u r­
bulent flow i n the boundary layer. No exac t correspo n de n c e 
beh/een pairs of curves of figure 14 should be expected be­
cause the degree of development of the boundary l aye r at pip e 
ent r a nc e varied from test to test with the length a nd ot h e r 
dim ensi on s of the nozzle. The one exception is t he pair of 
curves in the middle of the figure which were obtained with 
the same nozzle and test pipe. 

On each of t h e charts of fi gure 14 are shown by dash 
lines values of the friction coefficients ~i and ~c cal-

culated from t h e Von K~rm~n- Nikuradse relation for i nc ompres­
sible fluids. The coefficients ~i and ~c are calculated 

using, respe ctively, the Reynolds numbers correspondi ng to 
the viscosity at the temperature before the inlet nozzle 
where tDe velocity is zero and that at the mean stream tem­
perature. I n view of the "recovery" of temp erature in the 
bounda r y layer some value intermediate between these two 
wou ld seem to be most appropriate. 

For distances fro m the entrance greater than 20 diame­
ters the tren d of t h e coefficient is definitel y upward. The 
limit of this trend appears to be a horizontal line or a 
curve with .ordinates approximately equal to ~i or ~c. 

The fiv e charts of figure 14 may be roughly grouped 
into th Ose of h i gh Reynolds number, the left-hand three, and 
those of low ReynOlds number, the right-hand two. The l eft­
hand gr oup of curves shows a distinct similarity in pattern 
and pos ition; whereas the ri gh t-hand group shows in comp ari­
son lower values at the minimum point and higher values at 
large values of LID. 

No anal og ous trend with Mach number Can be discerned. 
Although the top and middle charts in the left-hand group 
have Ma c h numbers at entrance of 2.06 and 3.09, respec t ive ly, 
they differ less than the two middle charts whi ch have Mach 
n u mb ers of 3.09 and 2.84, respectively. Differences appear 
t o depend up on Reynolds number rather than Mach number. 
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To test whether the chan g es in characteristics were the 
result merely of accidental differences between test pipes 
and entrance nozzles, two tests were run with the same test 
pipe and nozzle at approximately the same Mach number but 
with different Reynolds numbers. These are shown by the two 
middle charts of figure 14. The differences between these 
two charts are consistent with the differences between any 
other pair of charts for two different ReynOlds numbers. 

The conclusion seems tenable, therefore, that for values 
of LID grea ter than 50 the apparent coefficient of friction 
for co mpre ssible flow at Mach numbers greater or less than 1 
is app roximat ely eQual, for eQual Reynolds numbers, to the 
coefficient of friction for incompressible flow. 

For Mach numbers greater th a n 1, however, values of 
LID greater than 50 are rarely encountered; and for values 
less than 50 the apparent coefficient of friction is gener­
ally less than that given by the Von Karman-Nikuradse formula 
fo~ the same Reynolds number. Since the present tests do not 
exceed a ReynOlds number of 8.7 x 105 , this last conclusion 
is open t o question if the Reynolds number e x ceeds 1,000,000. 

Because of a slight irregularity at the junction of the 
nozzle and the test pipe, the data of test 12 at small val­
ues of xlD were considered to be less reliable than those 
of the other tests. The d a ta of test 12 are, nevertheless, 
in substantial accord with those of the other tests. If 
they were shown in figure 15, they would not alter in any 
way the conclusions drawn belOW. The figure is somewhat 
simplified by omitting them. 

The mean apparent friction coefficient.- In figure 15 
the mean apparent friction coefficient between the entrance 
to the test pipe and any value of LID is plotted against 
that value of LID. This method of plotting has two advan­
tages ~ first, this mean friction coefficient is more read­
i ly applied to design calculations than the more nearly 
pOint values of figure 14; second, since it is computed, in 
general, from a larger measured pressure difference, the 
values of the ordinate of figure 15 are less affected by 
small exper imental errors and irregularitie s and, therefore, 
yield a smoother curve. 

The curves of figure 15, consistently with those of 
figure 14, show certain trends with increasing ReynOlds num­
ber: the point of minimum mean friction coefficient moves to 
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lower values of LID, and the rate of increase of friction 
coefficien t with LID at the hi~her values of LID de­
creases. On each curve is given the Reynolds number corre­
s p onding to the viscosity at zero velocity (the "complete­
recovery" value), and at the right-hand 'margin is shown the 
corresponding value of the coefficient of friction for an 
incompressible fluid at large values of LID. 

The exp erimental curves are extrapolated in figure 15 
as they would go if the values for incompressible flow were 
the asymptotes. The extrapolations cannot, however, extend 
to the asymptotes. It is explained in appendix B that for 
a fixed value of the Mach number at entrance there is a cor­
responding maxi mum value of AL/D , as shown in figure 16. 
That maximum value represents an equilateral hyperbola cut­
ting acrOss figure 15. Se~ments of such hyperbolas are 
shown for entrance Mach numbers of 1.5, 2, 3, 4, and infin­
ity. For an entrance Mach number of 1 the corresponding 
hyperbola is formed by the two axes of coordinates, and the 
maximum value of LID is zerO fOr any finite value of A. 

At the lower values of LID some variation from the 
curves of figure 15 may be expected if the nozzle design is 
not identical with the corresponding one employed here. 
Large departUres from these values will result, as indicated 
in figure 13, if oblique shocks are fOrmed at the junction 
of nozzle and test pipe. But with a carefully designed noz­
zle and a smooth test pipe the mean apparent friction coef­
ficient should be in close accord with the curves of figure 
15. 

COMPARISONS 

In subsonic flow two previous experimental investiga­
tions by Keenan (reference 5) and Fr~ssel (reference 4) in­
dicated that for large values of LID the apparent friction 
coefficient is essentially independent of Mach number and 
is, within experimental error, the same function of Reynolds 
number as the friction coefficient for incompressible fluids. 
The present investigation, as shown by figure 7, confirms 
these conclusions. 

In supersonic flow the only previous experimental in­
vestigation is that of Fressel ( r eference 4). His conclu­
sion is the same as fOr subsonic flow - namely, that the 
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appa r ent friction coefficient at the attainable values o f 
LID is the same function of Reynolds number as the friction 
coeffi ci ent for incompressible fluids at large values of 
LID. The pre sent investigation does not con firm this con­
clusion. It ind i cates that t he apparent friction coeffi­
cient is a fun ction of LID as well as Reynolds number over 
the attainable range of LID, and that the eff ec t of Ma ch 
numb e r is to limit the range of values of LID. 

Frtlssel co n cludes that h i s measured fricti on coe ffi­
cients are repres ented within the precisio n of measurement 
by the Von K~ rm~n-Ni kuradse relation. Thu s, the comparisons 
of this relat io n wit h the present data, as given in figures 
14 and 1 5, a re in eff e ct co mp arisons of Frtls se l's data with 
the present data. It should be remembered, h owever, that 
FrOssel ' s d ata for sup ersonic veloci t ies spread over a band 
with a width of a bout 20 percent, and that t h e me thod of 
computing th em seems to leave much room for un certainty. 

Fr~ssel offers no discussion of the development o f no z­
zles suitable to his purpose, and the onl y published i llus­
trations of his nOZZles are to such a small scale that 
little dependable information can be obtained from them. 
These illustrati ons, however, are not inconsistent wi th the 
assumption that his nozzles were of the conica l type with an 
angle of divergen ce in t h e order of 15 0 • The data of figure 
13 indicate that for angle s of this magnitude Frtlssel's c on­
clusions have bee n co n firmed. For supersonic flow without 
oblique sh ocks , however, the co n clusions of Frtlssel have n o t 
been confirmed. 

The class ical a nalysis of flow with friction through a 
pip e of c onstant cross-sectional area is based on the as ­
sumption that the velocity is uniform over an y cross section. 
Hawthorne (reference 13) used this analysis to show that the 
product of the maximum LID and the mean apparent friction 
coefficient over the length L is a unique function of the 
Mach number at entrance. The form of this fu nction is s h own 
b y curves A and C in figure 16, and the abscissas o f curve A 
determi n e the posi tio n of th e cu rves of maximum LID for 
Mach numbers of 1.5, 2, 3, 4, and infinity in figure 15. 

From this sam e ana l ys is may be calculated the minimum 
exit pressure for subsonic flow and the maximum exit pre s ­
sure for superson ic flow. The r ati o s of th e se pr e ssures to 
the p res su re at pip e inlet may b e foun d from figure 1 6 from 
the intersections of the cur~es of cons t ant PZ/Pl with 
curves A and C. 
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For subsonic conditions the minimum exit pressure f or a 
g ive n len g th of pipe is obtained by lowering the pressure in 
the e xhaust space until the pressure in the exit p l ~n e 

c ea s e s to fal l. Then the entrance Mach numbe r corres p on d ing 
t o t h e exit-plane pressure may be determined by measurements 
a t t h e inlet. In figure 6 the measured pressu re fro m t he 
tap neares t th e exit plane is co mpa red with the calculat ed 
minimum pressure (the pressure of maximum ent r opy) . The 
measured p ressur e falls slightly below the calculated mini­
mum. Thi s is in accord with simi lar observations made by 
Fr~s s el. 

In sup ers onic flow art exp eriment a l determinatio n of t he 
maxi mu m pre ssure i s more difficult. Th e dive rg ence ratio of 
the nozzle fixes the Ma ch number at ent ran ce. The maximum 
pres sure wi ll be attained at the exit onl y if the pipe at ­
tached to the nozzle is the longes t pip e which will n ot 
cause a transverse pressur e shock. The maximum pressure 
cannot be atta i ned , ther ef ore . although it may be appr oxi­
mated closely b y a t edi ous meth od of tri al and error . Where 
it has been near ly attained in the se tes t s, it has always 
been slightly l ess than the calculated ma ximum. 

In a revi sion of the classical analysis Young and 
Winterb o ttom (reference 14 ) took "account of th e development 
of the boundary layer , the variation of density across any 
section of tn e pipe, a nd t he variation in the frictional co­
efficient along the pip e." The boundary l ayer was assumed 
to be completely turbulent. They s how graphically to a 
small scale th e calculated variation in pressure and true 
friction c oe ff icient , 2T/poVo~' in terms of the density 

Po and t h e ve l ocity Vo at the inl et c ross section of the 

pipe. For the larger values of LID these values appear to 
be in accord with figure 15. For the smaller values of . LID 
the small scal e of the diag ram s precludes any comparison. 

Thes e autho rs present comp ari son s of their results with 
the experi ments of Fr~ssel and the calculations of Hawth orne. 
It a p pears, howeve r , that they have compared mean values of 
their Own true friction coefficients with the apparent fric­
tion coef f icients of Fr~ss el and Hawthorne, and the compari­
sons are therefore invalid • 

• 
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CONCLUSIONS 

For values of LID greater than 50 the apparent coef­
ficient of f riction for compressible flow at Mach numbers 
g re a ter or less than 1 is approximately eQual, for eQual 
Reynolds numbers, to the coefficient of friction for incom­
pressible flow with completely developed boundary layer. 

For Mach numbers greater than 1, however, values of 
LID greater than 50 are rarely encountered. For values of 
LID less than 50 the coefficient of friction is a function 
of LID and Reynolds number. It is generally less than 
that given by the Von K'rm'n-Nikuradse formula if the 
Reynolds number is less than 10 6 • The effect of Mach number 
is to limit the range of values of LID. 

For Mach numbers greater than 1 the mean apparent coef­
ficient of friction decreases rapidly from a relatively high 
value at entrance to a minimum value which it attains within 
a distance of 20 diameters from the entrance. Eeyond this 
minimum pOint the mean coefficient rises with increasing 
distance along the tube and appears to approach as a limit 
the value given by tho Von K'rm'n-Nikuradso formula. Tho 
point values of the apparent coefficient appear to attai n 
the for mula value at a distance of approximately 50 diameters 
from the tube entrance - the mean values of the coefficient 
would attain the limit at perhaps twice this distance from 
the entrance. 

The variation in coefficient of friction with LID for 
supersonic flow is similar to that observed in the flow of 
incompressible fluids. An adeQuate comparison cannot be 
made, however, until more extensive information is available 
as to the effect of LID in the flow of incompressible 
fluids. 

The minimum observed pressure in subsonic pipe flow and 
the maximum observed pressure in supersonic pipe flow are 
each slightly less than the value calculated on the basis of 
the assumption that the velocity is uniform across any seC­
tion. 

The apparent coefficient of friction is strongly influ­
enced by the presence of ObliQue shock waves in the tube. 
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The junction of the tube with an ordinary conical noz­
zle c auses oblique shock waves, the amplitude of which in­
creases with increasing angle of the cone. The apparent co­
efficient of friction also increases with increasing angle 
of the nozzle cone, and appears to attain approximatel y the 
Von Karman-~Hkuradse value when the angle of the cone is 15 0 

Or more. 

Department of Mechanical Engineering, 
Massachusetts Institute of Technology, 

Cambridge, Mass., April 1944. 

APPENDIX A 

METHOD OF ANALYSIS 

The analysis that follows, except for certain minor 
chan ges to foll ow the notation of this paper, has been taken 
verbatim fro D the appendix of refer en ce 5. 

Dynamic Equation for Flow in Pipe of 

Constant Cross-Sectional Area 

Consider an element of fluid which is bounded by two 
p a rallel pl a nes transverse to the direction of flow and a 
distance dx apart. The forces acting on t h is element may 

<..- .:1x _.> r 
:>- D 

elF 1_ ~ 

be classified as normal fOrces corresp onding to hydrostatic 
pressures and shearing forces corresponding to wall friction. 
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It can be shown that Newton's Second Law become s for steady 
flow 

-adp - dF = (w/g) DV 

where a denotes the cross-sectional area of the passage, 
dp the i n crease in h ydrostatic pressure of the fluid across 
distance dx, dF t h e wall-friction force applied to the 
s t ream between th~ two planes , w the mass rate of flow, g 
the a cceler ation given to unit mass by unit force, and dV 
the increase in the mean velocity of the stream across dX. 

The wall-friction force dF may be exp res sed in terms 
of a friction coefficient which is commonly defined by the 
relation 

wh ere ~ denotes the friction coefficient, T the fri ction 
force p er unit of wall surface, and p a mass density of 
the fluid which is otherwise l/vg. Then we may write 

dF = TnDdx 
2 = ~V nDdx/2vg 

where D is the pipe diameter and dx is an element of 
leng th along the pipe. Substituting this express ion for dF 
in equation (1) dividing through by av and rearranging, 
we get 

dp + 
v 

G 

gv 
nD 

ag 
dx = 0 

where G is w/a. Since G for steady flow is constant 
along the length of th e pipe and equal to Vlv, the la~t 
equation may be written in t h e form 

dp G2 dv + + dx = 0 
v g v 

This is the dyn amic equation of flow through a pipe. It may 
be used to determin e the mean friction coefficient between 
two cross sections as follows: 
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Assume ~ to be constant between sections land 2. 
Then e quatio n (2) integrates to the expression 

f2 dp 

• 1 V 

whi ch may be solved for A. In an actual case ~ may be 
interpreted as the mean coefficient of friction. For a nu­
merical solution it is necessary to know not only the di­
mensions of the pipe and the rate of fluid flow, but also the 
relationship between pressure and s p ecific volume along the 
path of flo\-l. 

The Pressure-Volume Relationship 

Let us consider the adiabatic case, that is, the case in 
which hea t flow to or from the fluid stream is negligible. 
Then from the first law of thermodynamics we know that fo r 
any section a along the pipe length the sum of the enthalpy 
and k inet i c energy per unit mass of fluid crossing that sec­
tion is c on stant and is equal to the enthalpy at a preced ing 
section i, where the cross-sectional area is very large 
and the kin etic anergy is negli g iblo: Thus 

2 
h + V /2g = hi 

wh ere hi denotes the enthalpy at section i and the sym­
bols without subscript denote quantities corresponding to 
section a o Substituting Gv for V in equation (4) we 
get 

Equation (5) y ields a seri es of relationships between h 
and v. 

(5 ) 

Having determined by measurements the initial state i 
and the mass rate of flow per unit area G of a stream flow­
ing through the pipe, we may determine by equation (5) the 
h-v relationship. 

For a p erfect gas 
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h = _k-:.:._~_ pv = ] pv 
k - 1 

wh e r e k i s th e ratio of t h e s p ecific heats and B i s a 
cons t an t d e f i n ed by e quatio n ( 6). 
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Substitut i ng e quat i on ( 6 ) i n t o th e F a n no- l ine equation 
(5) we get 

( 7 ) 

whi c h , f o r giv e n 

volume relat ion . 
ing, and d i vi di ng 
of equat i on ( 2 ) 

v a lu e s of h i a n d G, is a p u re p re ssur e ­

Solvi ng e qua ti on ( 7 ) for p , d iffer enti a t ­
through b y v we g et for th e f irst t erm 

= - --
v 2 gB v 

Friction Coe f f i cient 

Substituting t h e l a s t exp re ss i on into e quati on ( 3) a nd 
integ r a t ing betw ee n s e ct ions 1 ~nd 2, we g et 

2 
1 ) v 2 hi ( 1 

2G2r.,( X2 - Xl) : (1 12) + 0 - - In - + - --2 = 
2] v l 2B v2 v l gD 

or 

A 
g D [CpTiA(k- l) (~-~) - G

2 
(k+l) 

I n V2 ] ( 8) = 
2G8 ( X2- Xl ) 2k Vl V2 g 2k Vl 

If me asurements are mad e of th e in i t i a l st a t e , t he ra t e of 
flow, and the pr ess u res at 1 a nd 2, t h e v a l ue s of Vl and 
va c an be found b y s ol v i ng th e qu a dratic e qua tio n ( 7 ) . Th e 
frict i on co eff icien t ma y th en b e co mputed fr om equat i on (8 ) . 

Th i s ana l ys i s i s over s impli f ied i n tha t a si ng le v e l oc ­
ity V is ass oci at ed with a g iven cross section o f th e 
stream and this v elocity is assumed to be iden tic a l wi th the 
mean v elo c ity of f lo w Gv , wh er e v denote s t h e mean spe­
cifi c v olume . I t is probabl e t h at the frict i on c oeff i cien t 
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so derived may be used to calculate wall friction whenever 
the section is sufficiently far from the entr a nce to the tube 
that variation in that distance will not appreciably alte r 
the pattern of flow if velocity, pressure, and other factors 
r e main unchang ed. In subsonic flow such conditions are 
doubtless atta i n ed except in very s h ort tube s ; however, in 
supersonic flow these conditions may not be attained at all 
because of the rap id change in pressure and velocit y along 
the tubes of even the g reatest possible lengths. The fric­
tion cOefficient so calculated may be called t he apparent 
friction c o officient. 

I L t h e presen t state of k nowledg e of supersonic flow 
it i s un c ertain how closel y t h e pr oduct of ~ and ~pVa 

approximates the shear stress T at the wall of the pipe. 
It appears probable, however, t ha t, with some exceptions, 
the apparent friction coefficient will prove adequate for 
design of passages i n supersonic flow. Th e apparent fric­
tion c oefficient is at least t he analo gue of t he friction 
coefficien t fo r i n compre ssible flow and as s u ch i ts varia­
tion with the usual parameters i s of interest. The apparent 
friction coefficient a lso pe rmits a direct comparison of tho 
var i ation of static pressure alon g the path of f low for var­
ious tests. FrBssel's tests were rep orted i n terms of this 
apparent frict io n coefficient. 

The value of the visco s i ty employed in calcu lating t h e 
Reynolds numbe r Re and th a t of th e velocit y of sound in 
the Mach numb er M correspond to t he ~ean state of the 
flu i d at any cross section. This mean state is determi n ed 
from the measured pressure and the s p ecific volum ~ as found 
b y solving equation (7). The viscosity was in turn found 
from Sutherl a nd's formula - namely, viscosity (in centipoise s) 

:: 0.01709 491.6 + 205.2 ( T \3/2 

T + 205.2 491.6) 

APPENDIX B 

ANALYTICAL RELATIONS 

Possib le Ran g es of Subsonic and Super s onic Flow 

Th e relation between lengt h of flow, pressure c hange, 
and mean friction coefficient for a stable velocity 
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distribution is shown in figure 16. Tho curves show'n \1Cre 
computed from the relations derived in appendix A. 
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The reg ion in figure 16 lying below curve C represents 
conditions of subsonic flow throughout the tube. The region 
lying a bOve curve A represents conditions of supersonic flow 
throughout the tube. 

Within each of these regions are shown lines of constant 
ratio of the pressure at the exit of an interval of tube 
length to the pressure at the entrance. If the Mach number 
at entrance, the tube diameter, and the tube length between 
two measured pressures are known, the friction coefficient 
~ may be found from figure 16. Conversely, for a given val­
ue of ~ the pressure distribu tion along the length of a 
tube may be found for any value of the Mach number at the 
entrance. The curves of constant pressure ratio in the super­
sonic region are valid only if nO shock occurs in the length 
of tube to which they are applied. 

Curve A shows the maximum value of ~~ for supersonic 

flow for each value of the Mach number at the entrance, and 

curve C shows the corresponding value of for subsonic 

flow. Along each of these curves the Mach number at the 
tube exit is 1. In the tube corresponding to curve A the 
Mach number decreases in the dir e ction of flow; whereas in 
the tube corresponding to c u rve C the Mach number increases. 

Curve A indicates that the value of for supersonic 

flow in a tube may be increased by increasing the Mach num­
ber at entrance, which is accomplished by increasing the di­
v er gen ce ratio of the nozzle that feeds the tube. The steep­
ness of the curve at higher Mach numbers shows ~ however, 
that in this re g ion large increases in Mach number result in 

only small increases in A Mach number of infinity at 

the entrance, which requires an infinite divergence ratiO, 

g ives a finite value of ~ L. 
D' namel y , 0.206. If it is as-

sumed from inspection of figure 15 that the mean value of 
A is of the order of 0.0025, then the maximum possible val-

u e of L 
D 

is 82.2. Only if approaches zero as the Mach 
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nu mber a p p roaches infinity. \vill it be possible to obtain in­
f i nite or even very large lengths in supersonic flow. 

Flo\'[ wi th Shock 

Th e re g ion to the left of curve A may include a shock 
in th e course of flow. provided the p ressure in t h e exhaust 
space is great enough; on the ot her han d. the region between 
cu rves A a nd B must i n clude a shock. Along curve B the Ma ch 
number, wh ich is less than 1 followin g the shock, has at­
t a ined 1 at the exit. Betwe e n curves A and B the Mach num­
ber is les s than 1 at the exit and greater than 1 at the 
entrance. An interval of length corresponding to this inter­
val may be subdivided into a supersonic inte rval correspond­
i n g to the region above curve A, a subsonic interval corre­
s p ondi ng to the region below curve C. and an interval with­
in which the shock occurs. The velocity distribution will 
n ot alwa ys be stable enough to make the curves of constant 
pressure ratio applicabl e. 

Th e re g ion between curves Band C is an imaginary region 
i n wh ich flow with a stable velocity distribution with or 
wi t h out a shock cannot exist. 
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TABLE I 

TEST 1 

Nottle A; nozzle throat dlam., 0.375 In.; tube dlam., 0.375 In.; 
lnlet temperature, 1260 Fj lnlet pressure, 16,179 Ib/aq ft abs.; 
tube length, 10 ft; flow per un1t area, 188.2 Ib/seo aq ft 

x p >.. M Re T V 
(ft) (lb/aq ft abs.) (OF abli.) (fpa) 

(a) (b) 

---- 04 ,527.3 ------- ---- ------- -.---- ------
10 4,288 ------- 01 •00 °5.14xl05 °488.3 °108.:5 . 4 

9.75 5,652 0 . 00313 .824 4.91 516 917.0 

9 7,448 .00326 .640 4.74 541 730.4 

8 8,879 .00322 .543 4.75 553 625.9 

7 9,956 .00323 .485 4.62 560 564.4 

I 

6 10,866 .00327 .447 4.58 563 520.8 1 
5 11,682 .00327 .417 4.57 565 486.9 

4 12,420 .00328 .392 4.55 569 459.7 

3 13,102 .00333 .372 4.54 570 437 .2 

2 1~,7~1 .00321 .356 4.54 571 417.4 

1 14,336 .00386 .342 4.53 572 401.2 

0 15,~ ---- .326 4.52 574 384.1 
- ---

aAverage A, trom x = 1 tt to x = 9.75 tt = 0.003224. 

bAverage Re from x = 1 ft to x '" 9.75 ft = 4.63 x 105 • 

°From oaloulated pressure at state of maximum entropy. 

TABLE II 

TEST 2 

Noztle Aj nozzle throat d1am., 0.375 1n.; tube d1am., 0.375 1n., 
1nlet te~perature, 125 0 Fj 1nlet pressure, 17,607 Ib/sq ft aba., 
tube length, 10 ft; flow per un1t area, 188.0 Ib/seo sq ft 

"x-x P M Re T V (tt) (lb/aq ft abs.) (OF aba.) (fpa) (a) (b) 

10 ------ ------- ----- -------- --- ----
9.75 10,356 0.00318 0.466 4.61xlO5 560 543 . 1 
9 10,998 .00326 .440 4.61 562 513.6 
8 11,789 .00314 .414 4.61 564 481.8 
7 12,491 .00316 .390 4.56 566 455.8 
6 13,143 .00322 .370 4.56 56? 433.8 
5 13,764 .00326 .354 4.56 568 414.9 
4 14,352 .00328 .341 4.54 571 399.0 
3 14,917 .00326 .328 4.54 572 384.6 

+ 2 15,452 .00325 .317 4.54 572 371.? 
1 15,964 .00386 .307 4.52 573 360.3 
0 16,546 ------ .296 4.52 574 348.1 

aAverage A, from x 1 ft to x 9.76 ft 0.00322. 

bAverage Re trom x = 1 ft to x = 9.75 tt _ 4.55 x 106 • 
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TABLE III 

TEST 3 

Nozzle Aj nozzle throat dlam., 0.375 In.j tube dlam., 0.375 In.; 
inlet temperature, 126° F; inlet pressure, 7,422.1 Ib/sq tt abs.; 
tube length, 10 ft; tlow per unlt area, 82.77 Ib/sec sq tt 

x p ~ )! Re 
(ft) (lb/sq ft abs.) 

(a) (b) 

10 2008.1 ------- ----- --------
9 .75 2561.3 0 . 00386 0.790 2.19xl05 

9 3391.1 . 00386 .790 2.11 

8 4052.2 .00384 .7090 2.11 

7 4558.4 .00380 .790 2.11 

6 4987.1 .00385 .790 2 .11 

5 5368.4 .00387 .393 2.05 

4 5717.3 .00389 .393 2.05 

3 6040.9 .00392 .393 2.05 

2 6342.4 .00385 .393 2.05 

1 6624.6 .00448 .393 2.03 

0 6934.3 ------- .307 2.03 
.. 

aAverage ~, from x 1 ft to x 9.75 ft 

bAverage Re trom x = 1 ft to x = 9.75 ft 

T V 
(OF abs.) (fps) 

431 1057.1 

506 873.5 

530 690.6 

542 589.8 

547 529.7 

550 487.4 

552 454.8 

554 428.5 

555 406.8 

557 388.3 

559 372.4 

559.4 356.4 
-- ---

0.00386. 

2.069 x 105 • 

TABLE IV 

TEST 4 

Nozzle A; nozzle throat dlam., 0.375 In.; tube dlam., 0.375 
lnlet temperature, 126° Fj lnlet pressure, 4,146.5 Ib/sq ft 
tube length, 10 ttj flow per unlt area, 42.01 Ib/sec sq tt 

x p ~ )! Re T 
(ft) (lb/sq ft abs.) (OF abs.) 

(a) (b) 

10 ------ ------- ----- --------- ---
9.75 2150.3 ------- 0.485 1.082xl05 523 

9 2357.3 0.00456 .485 1.082 523 

8 2595.5 .00455 .485 1.082 523 

7 2807.4 .00459 .486 1.082 523 

6 2999.3 .00469 .486 1.082 523 

5 3176.3 .00459 .333 1.067 536 

4 3341.2 .00459 .333 1.067 536 

3 3493.7 .00449 .333 1.067 536 

2 3640.0 .00459 .333 1.067 536 

1 3778.2 .00451 .333 1.067 536 

0 3930.1 .00:::15 .269 1.061 540 
- ---

aAverage ~, from x = 1 ft to x = 9.75 tt 0.00456. 

In . ; 
abs.; 

V 
(tps) 

-----
545.4 

501.2 

468.2, 

426.4 I 

399.7 

378.2 

360.6 

346.3 

331.9 

320.2 

308.0 

bAverage Re from x = 1 ft to x = 9.75 ft 1.075 x 10°. 
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TABLE V 

TEST 10 

Nozzle throat dh,.., 0.662 In.; tube dlam., 0.946 In. 

Date: 4-23 

Inlet temperature 143 F; ln1et pressure 86.6 1b/sq ln abs.; 
t10w per unit area ln tube, 93.46 1b/seo sq tt. 

~ L. 
D Pl 

T Re x 10-5 K 

0- 0.0747 
0+ .0721 2.06 

1.59 .0777 0.00482 8.74 1.96 
3.18 .0800 . 00189 8.58 1.92 
4.76 . 0806 .00053 8.51 1.91 
7.94 .0843 .00150 8.4i 1.85 
9.52 .0877 .00265 8.24 1.80 

12.69 .0971 .00342 7.98 1.67 
15.87 .1044 . 00250 7.65 1.58 
17.55 .1071 .00161 7.50 1.55 
19.04 .1112 .00284 7.39 1.51 
20.69 .1151 .00257 7.29 1.47 
22.21 .1203 .00293 7.18 1.42 
21'\. 38 .1293 .00222 7.10 1.34 

Date: 4-29 

Inlet temperature 147 F; 1n1et pressure 84.7 1b/sq 1n abs.; 
flow per unlt area ln tube 92.24 1b/seo Sq ft. 

0- 0.0744 
0+ .0730 2.06 

1.59 .0780 0.00426 8.61 1.96 
3.18 .0801 .00174 8.40 1.93 
4.76 .0817 .00130 8.30 1.90 
6.35 .0842 .00206 8.22 1.86 
7.94 .0849 .00057 8.11 1.84 
9.52 .0882 .00256 8.02 1.82 

12.69 .0986 . 00378 7.79 1.65 
15.87 .1055 .00229 7.47 1.57 
17.55 .1088 .00195 7.30 1.54 
19.04 .1116 .00181 7.22 1.52 
20.69 .1164 .00261 7 .13 1.46 I 22.21 .1206 .00235 7.02 1.42 

J 
23.89 .1259 .00250 6.90 1.37 
25.38 .1299 .00204 6.81 1. 34 

TABLE VI 

TEST 11 

Nozzle throat dlam., 0.186 1n.; tube d1am., 0.498 In. 

Date: 12-8 

Inlet temperature, 88 F; lnlet pressure, 189.0 1b/sq ln abs.; 
flow per unit area ln tube, 85.47 1b/S80 sq tt. 

1 L. ).. Re x 10-6 K D P1 

1.39 0.0161 6.96 2.98 
3.77 .0178 0 . 00307 6 • .ft6 2.80 
5.77 .0179 .00024 6.40 2.79 
7.78 .0187 .00151 6.10 2.72 
9.79 .0197 .00212 6.92 2.63 

11.80 .0217 .00397 5.63 2.48 
15.81 .0241 .00231 5.22 2.31 
19.8.'3 .0262 .00194 4.98 2.19 
23.85 .0301 .00347 4.61 1.99 
27. 86 .0314 .00111 4.48 1.93 
31.88 .0356 .00340 4.27 1.76 

I 35.89 .0404 .00343 3.97 1.61 
37.90 .0420 .00199 3.92 1.56 , 

Date: 12-15 

Inlet temperature, 97 F; ln1et pres6ure 190.2 1b/sq 1n abs.; 
flow per un1t area 1n tube, 85.33 1b/seo sq ft. 

.13 0.0148 7.34 3.14 
1.39 .0160 0.00440 6.8.6 3.00 
3 .77 .0179 .00343 6.14 2.78 
5.77 .0181 .00033 6.13 2.77 
9.79 .0199 .00174 5.88 2.62 

11.80 .0219 .00416 5.45 2.46 
15.81 .0241 .00214 5.16 2.31 
19.83 .0258 .00159 4.94 2.21 
23.85 .0304 .00417 4.47 1.97 
27.86 .0332 .00226 4.28 1.85 
31.88 .0347 .00117 4.08 LBO 
35.89 .0391 .00328 3.96 1.65 
37.90 .0411 .00265 0.88 1.59 
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TABLE VII 

TEST 12 

Nozzle throat d1am., 0.175 in.; tube d1am., 0.4376 in.; 
inlet temperature, 87 F; inlet pressure 194.3 lb/sq in abs.; 
flow per unit area in tube, 100.9 Ib/seo sq tt. 

11 L h Re x 10-5 )! 

: 

D Pi 

.57 0.0191 7.03 2.91 
4.05 .0239 0.00391 5.94 2.54 
6.07 .0250 .00171 5.81 2.45 
8.10 .0268 .00266 5.74 2.36 

10.12 .0275 .00103 5.46 2.32 
12.14 .0278 .00046 5.40 2.29 
14.17 .0296 .00267 5.17 2.20 
20.43 .0358 .00275 4.66 1.96 
24.29 .0401 .00265 4.52 1.78 
28.34 .0449 .00268 4.16 1.65 
32.39 .0498 .00245 4.00 1.53 

~.44 .0571 .00288 3.80 1.38 

TABLE IX 

TEST 14 

Nozzle throat diam., 0.186 in.; tube diam., 0.498 in.; 
inlet temperature, 76.5 F; inlet pressure, 2108.0 Ib/sq ft aba.; 
flow per un1t area 1n tube, 6 .64 Ib/sec sq ft. 

1. L ).., Re x 10-5 M 
D Pi 

.13 0.0174 0.519 2.84 
1.39 .0189 0.00510 .484 2.69 
3.77 .0208 .00340 .442 2.52 
5.77 .0211 .00043 .441 2.51 
7.78 .0226 .00313 .430 2.40 
9.79 .0229 .00047 .427 2.38 

11.8 .0235 .00121 .419 2.34 
15.8 .0245 .00098 .406 2.28 
19.8 .0259 .00129 .394- 2.19 
23.9 .0293 .00307 .367 2.01 
27.9 .0343 .00416 .336 1.80 
31.9 .0414 .00506 .309 1.57 
35.9 .0508 .00516 .286 1.34 
37.9 .0582 .00555 .273 1.20 

- ---

TABLE VIII 

TEST 13 

Nozzle throat d1am., 0.107 in.; tube d1am., 0.498 in. 

2: 
> a 
> 
t-3 
~ 

Date: 8-7 ~ 

Inlet temperature, 88.5 Fj inlet pressure, 201.2 Ib/sq 1n abs.j ~ 
t10w per un1t area 1n tube, 30.1 1b/seo sq tt. 

11 L ).. Re x 10-5 K 
D P1 

1.39 0.00378 3.64 
3.77 .00421 . 0.00244 3.12 3.42 
5.77 .00458 .00C54 2.84 3.29 

I 7.78 .004'90 .00209 2.70 3.13 
9.79 .00499 .00063 2.69 3.10 

11.8 .00548 •. 00315 2.47 2.94 
15.8 .00638 .00289 2.26 2.66 
19.8 .00728 .00274 2.02 2.44 
23.9 .00815 .00256 1.8? 2.26 
27.9 .00914 .00274 1.75 2.10 
31.9 .01013 .00266 1.64 1.96 
35.9 .01135 .00298 1.60 1.81 
39.9 .01307 .00378 1.47 1.63 
43.9 .01495 .00387 1.37 1.46 
47.9 .01745 .00342 1.30 1.31 
50.0 .01939 .00419 1.24 1.20 

-'- ---
Date: 9-2 

Inlet temperature, 86 F; 1n1et pressure, 200.7 Ib/sq 1n abs.; 
flow per unit area 1n tube, 30.1 Ib/sec sq ft. 

.13 0.00344 3.65 3.87 
1.39 .00374 0.00334 3.38 3.70 
3.77 .00422 .00295 3.62 3.45 
5.77 .00435 .00203 2.73 3.19 
9.79 .00490 .00058 2.68 3.15 

11.8 .00534 .00293 2.49 3.04 
15.8 .00620 .00274 2.23 2.72 
19.8 .00728 .00331 2.00 2.46 
23.9 .00803 .00220 1.87 2.31 
27.9 .00907 .00294 1.70 2.12 
35.9 .01104 .00253 1.56 1.86 
39.9 .01274 .00384 1.46 1.67 
43.9 .01457 .00355 1.38 1.52 
47.9 .01729 .00420 1.30 1.33 
50.0 .01926 .00435 1.24- 1.21 
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Fig. 1 
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1 
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/ u 
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Figure 1.- Schematic diagram of test apparatus. 



IACA TN: No. 963 Figs. 2,3 

t 
/ '4" D 

Figuxe 2.- Entrance nozzle A. 

Figure 3.- Entrance nozzle B. 



NACA TN No. 963 Fig. 4 

d 

CONICA L CURVED 
SECTfON --+ SECTION+-

1.831" I 1.515" I 
TEST SECTION --t--

x 
Dimensions for 

d = 0.107-in.-diam . 
x 

inches 

nozzle contour 

o 
1.831 
1.855 
1.887 
1.914 
1.943 
1.977 
2.022 
2.062 
2.107 
2.158 
2.231 
2.301 
2.379 
2.511 
2.661 
2.876 
3.036 
3.143 
3.346 

D = 0.495-in.-diam. 
y 

inches 
0.107 
0.427 
0.431 
0.436 
0.440 
0.444 
0.448 
0.453 
0.457 
0.461 
0.465 
0.470 
0.474 
0.478 
0.483 
0.487 
0.491 
0.493 
0.494 
0.495 

Entrance nozzle D is entrance nozzle C with the throat 
bored out to a diameter of 0.186 inch. 

Figure 4. - Entrance nozzle C. 



· ~ NACA TN No. 963 Fig. 5 
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Dimensions for 
nozzle contour 

d = 0.562- D = 0.945-
in ch-d.iam inch-d.i am 

x y 
l.nches inches 

0 0.562 
2.271 0.800 
2.308 0. 804 
2.365 0.803 
2.423 0.815 
2.487 0.821 
2.552 0.826 
2.625 0.832 
2.700 0.837 
2.783 0.843 
2.869 0.849 
2.959 0.854 
3.056 0.860 

f-- ~ .--1-----,- 3.161 0.865 
3.281 0.871 
3.412 0.B77 
3.550 0.882 

-+------- 3.704 0.888 
3.884 0.894 
4.075 0.899 
4.300 0.905 

~ 
4.558 0.910 
4.862 0.916 
5.259 0.922 
5.795 0.927 
6.484 0.933 
8.296 0.945 

figure 5. - Entrance nozzle E. 
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figure 6. - Pressure distribution along the test 
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" • 

0.0050 

0.0045 
III 

f....1~ Q.. 
{'I .... 

" 
0.0040 

--< 

0.0035 

I 

0 .0030 

0 

I< ARMA N- NII<URADSE 

,/4/X = -.0 .8 + ZLOb (~t! (4A ) 

....... 

TEST I 

TEST2~ 
I 

2 xloj 4X 10 5 

!:zS » a » 
I-i :z: 

~ 

co 
m 
CN 

IsJ ..... 
CJQ 
III 

REYNOLDS NUM8E~ • 
Figure 7.- Friction coefficients for subsonic flow m 

compared with those for inoompressible flow. ~ 



NACA TN No. 963 
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Figure 8.- Friction coefficient against distance along pipe 

for subsonic flow. 
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Figure 9.- Temperature and Mach ~umber against distance along 

pipe for subsonic flow. 



NACA TN No. 963 Figs. 10,11 

Figure 10.- Schlieren photog?aph of oblique shock fronts 
formed at the entrance to a tube of rectangular 

cross-section. Divergence ratio = 3.50, e = 300 , depth of 
passage perpendicular to the plane of photograph = 0.400", 
cross-sectional area of parallel passage = 0.280 square in. 
Exposure time 1/10 second (photograph from refe~ence 8). 

Figure 11.- Schlieren photograph of nozzle with the transition 
length from the diverging passage to the parallel 

passage designed to avoid oblique shock fronts. Divergence 
ratio = 3.50, depth of passage perpendicular to the plane of 
photograph = 0.400", cross-sectional area of parallel passage 
= 0 .280 square in. Exposure time 1/10 second (photograph from 

r reference 8). 
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Mach number 
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Pressure ratio against distanoe along pipe using entranoe 
nozzles with different angles of divergence (9). 
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AC 

1.0 

0.8 

0.6 

o 2 

0.562 " 
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Fig. 13 

0.945 " 

~ __ -~o 

8 10 

Figure 13.- Ratio of the measured apparent friction coefficient 
(~) to the friction coefficient for incompressible 

flow (~c) against angle of divergence (e). The friction coef­
ficient is the mean value of the apparent friction coefficient 
for the interval of test section from tiD = 1.59 to tiD = 26.98. 
The value of ~c was computed from the von Karman-Nikuradse 
relation between Reynolds number and friction coefficient. 
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Figure 15.- Mean apparent friction coefficient against L!D. 
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rigure 16.- Entrance Mach number against At . PI and Pz represent the pressure at the entrance 
and exit, respeotively, of the constant area section. 
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