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The usual correlation parameter 

S W Y  

POP turbulent flow in noncircular geoaie- 

tries is the equivalent diameter, Since this parameter has no real theo- 

retical basis, a question arose afi to the generality and degree of appli- 

cability of the equivalent diameter for widely different geometries. 

The literature was critically examined for pressure d r o p  data on iso- 

thermal f luid flow fi the turbulent regime through noncll-cular ducts, annuli 

and parallel flow system, i.e., fluid flow parallel to the exterior surfaces 

of tube banks. The results were correlated on the basis of the conventional 

equivalent diameter and compared to the classic round pipe data. The results 

of 12 authors for  30 widely different geometries agreed w i t h  the round pipe 

data to within f -1-5 per cent for Reynolds moduli greater than 3000 and 

f 35 per cent for Rejrllolds moduli between 2100 and 5000, 

I n  view of these results, it can be concluded that for practical purposes 

the equivalent diameter €s a satlsfactory correlation parameter for turbulent 

flov through noxicircular ducts, anrmli, and para l le l  flow systems. 

IMPlIRODUCTION 

In order to ascertain %he general validity. of' t he  equivalent diametes 

(4 t i m e s  hydraulic railius) as the correlation parmeter for turbulent flow 

in noacircular ducts and m u l i ,  a conpilation of the literature on pressure 

drop due to isothermal turbulent flow in noncircular geometries was made and 

critically axmfneil. The pertinen% data were correlated on the equfvalent 



dimueter basfs and compared wi%h the classic round pipe data. of Stanton and. 

Pannell (ref. 15) and Blrzsius (ref. 4). 

No data for unbaffled f l o w  paral le l  to b a s  of tubes could be found in 

the literature. 

similari ty to certain noncimular ducts, it was felt tha t  the equivalent 

diameter should correlate paral le l  flow system &s vel.1. 

znents by Cohen, Fraas and La Verne (ref.  6) a t  Oak Ridge Hational Laboratory 

confirmed the supposition. 

Since component $ a r t s  cf such a system approach geoxrretric 

Subsequent axperl- 

A theoretical evaluation of the pressure drop due to turbulent flow 

(Re > 2100) through a duct has not 8s yet been possible. It can be shown by 

analysis, however, that 

where 

(2) = *( !!$) 
equivdent diameter, 4 x hydraulic 
radius 

fiydraaic raafus = cross sectional area/wetteii 

u =  

7 , =  

6 5 "  

c " =  

perimeter, which is equal 
to the diameter for  a pipe. 

metan velocity 

kinematic vfscosity 

gravitational conversion constant 

density 

(2) = 
pressure gradient 

function of Reynolds modulus 



L e t  

where 

2f = ocpBpu) 

f = Fanning friction factor. Therefore, 

The andysis indicates that f 1s a unique function of the Reynolds 

modulus even though the exact nature of f I s  usknawn. 

between f a d  Re for round pipes was determined by independent investigators 

using fluids whose densities varied. 830 fold, viscosities 3,750 fold, 

The relationship 

velocities 1600 fold and pipe diameters 120 Told. The maximurn deviation of 

any of the pofnts from the mean curve was about 5 per cent. Such conclusive 

results deffnetely established f a6 a unique function of the Reynolds maulus 

for turbulent flow .t;hrough pipes (ref, 17). 

The corresponding relationship for noncfrcular ducts and annuli has not 

been as satisfactorfly establfshed. 

momentum transfer in noncircular ducts is more complex than fn IYXUI~ pZpes 

since it has been shorn experimentally (ref. ll and 12) that secondary flow 

OCCUTS in %he corners of noncircuhr duets. 

It would seem that the phenomenon of: 

Eloncircular Ducts 

The results of the various investigators m e  shown in Table I and Figure 1. 

All the curves, with one exception, represent%n.g the experfmental data are 

within J- 15 per cent of the Stan%on-Pa;mneU. (ref". 15) and Brasfus (ref. 4) 
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curve for  smooth round pipe f o r  Reynolds moduli greater than 5000. POP 

Reynolds moduli between 2100 md 3000, the experimental curve6 are withln 

+ 35 per cent of the round pipe curve. 
I 

The b t t z  of Nfkuradse (ref. 11 azad 12) are particularly remarkable 

in that one curve represents the resd+,s for seven different cross sections 

with a precision of f 2 per cent. 

The results of Washfngton axrd arks (ref. 16) have t h e  greatest 

disagreement w i t h  the round pipe data. 

the small length of calming section and that the air en%ered the test section 

through a nozzle or entrance cone- 

increase of the friction factor with increase in distance between the long 

Thls may be explained partially by 

A possible reason for the appreciable 

sides of the rectangular cross section was t h e  heterogeneous character of' 

the duct walls. 

wide for all ducts) separated at the edges by strips of transite that  were 

The duct walls were mde of smooth-rolled copper (5 in. 

1/8, 1/4, and 9/14 in. for the W e e  rectangular ducts. 

were rougher than the copper plates and formed a greater percentage of the 

totak w a l l  surface as the distance between the copper plates was increase&, 

The transfte strips 

thus partially accounting for the difference. 

Ar2ul.i 

The results of %he various investigators are shown 4az Table I1 and 

Figure 2. 

the round pipe curve, 

the comercilal pipe curve) of Caryerater et a1 (ref. 3) c m  p0SSibly be 

at;trilx.rted to artiffcial roughness created by thermocouples enstalled in the 

fluid stream at regular intervals, 

A l l .  the curves, w i t h  one exception, are within + I 15 per cent of 
The hl& results (note the results agree w e l l  with 



Investigator 

Allen and Gmdberg 
COKYIiSh 
Davles and White 

Lea and Tadros 

Ni kurads e 
Z i kurs4.s e 

N i h r  ads e 

Bikuradse 

3chiller 
Schiller 
5 chi 3.1 er 
rJashingtor, mil Marks 
Jashington and Harks 
Jashington and Marks 

2 Squares 

2 Rectangles 

Rectangle 
Egui I %riangl€ 
Rf&% IsosceleE 

Tr i ang le  
Acute Triangle 
Trapezoid 

Circle with one 

C i r c l e  with twc 
m5tch 

TdO%Chf3S 

Re&: tmgfe 

Q r a i l .  Triangle 
Re@tmgle 
Re @tangle 

Square 

Rectangle 

Aspect Rat io  

3 492 
2 .g2 

168 Lo 37 

1 

2-36 and 2,04 

3 a50 

a*-- 

---- 
---- 
I--- 

- -- - 

3 -52 
a. ---- 
40 
20 
8.9 

Equivalent 
Diameter, cmr 

0.518 
0 602 

0.O3OO t o  0.132 

I.14 
1.17 

1.56 

1.34 

1.23 
3.60 
1.543 
0,0203 ft. 
0.0397 ft, 
0.G842 ft. 

2*8  by 0.8 
side, 2.7 
hypoth., 2.1 

hypoth., 3.84 
bases, 2.14 and l*O, 

d i w t e r ,  2,3 
notch, 0.75 by 1.05 
diameter, 2.3 
notches, 0.59 by 

0 .%8 
2-76 by 0.79 
side, 1,800 
aide ,  2,675 
5 by 1/43 in, 
5 by 114 in* 

side, 1*61 

3 by 9/16 in. 

1 

4 
6 
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TA3U I (Con't.) 

RESWLTS OF VAEIOUS IMVESTIGATOBS FOR ISOTIPEIW FLOW IW HONCIRCUEAR DUCTS 

Davies and White 
Lea and Tadros 
Lea and Tadros 

Washfngbn amd Marks 

Washington and Wmks 

Washington and Marks 

Test Section 
Length, L/D, 

PO1 

48 

D%ct Material 

Smooth brao s 
Smooth brass 
Smooth brass 

brass 
bras 8 
brass 
brass 
brass 
brass 
brass 
brass 
brass 
brass 
brass 
brass 

Copper a d  
transit% 

copper and 
tractsite 

Copper an6 
tramsite 

re st 
?lufd 

water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
water 
air 

air 

P 

R ir 

-- 

M a x i m m  Be, 

1Q,000 
6k 000 
4 600 

20,000 
7 J 100 

PO0 , 000 
zg0,OoO 
100 j 000 

m7o,000 
%20,000 
n o ,  000 
60,000 
36 OOG 

228,000 
28,000 

39,000 

10,000 

160 J 000 

Nax. Dev. of 
Data front Mean 
Curve, $ 

Dev, from Round Pipe 
curve fer R e > y X m ,  

6 

-6 to -4 

4-22 %a +bo. 

5 

01 
t 
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REYNOLDS MODULUS BASED ON EQUIVALENT DIAMETER 
FIG. I 

FRICTION FACTORS FOR ISOTHERMAL FLOW IN STRAIGHT MONCIRGULAR DUCTS 
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REYNOLDS MODULUS BASED ON EQUIVALENT DIAMETER 
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0 CARPENTER ET AL - DIAMETER RATIO - 1.33 
@ ROTHFUS - MAMETER RATK, - 6.16 
@ ROTRFUS - OtAHETER RATIO - t 64  
@I KRATZ E T  A t  - DIAMETER RATIO - t 99 
@ KRATZ ET AL -DIAMETER RATIO- I 9 8  
@ K W T Z  E T  AL - DIAMETER RATIO-I.CB 
@ BECKER- DIAMETER RATIO - 1.04 AN0 1.07 
@I WINKEC-DIAMETER RAT10 - 1.20 

-. 

/ 
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I , ( I  J 
8.0 so 10s 1.5 EO 3 0  

FIG. 2 
FRICTION FACTORS FOR 1SOTHERMAL FLOW IN STRAIGHT ANNULI 
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The results by Rothf3~s (ref.  13) show the largest deviation (+6 t o  a22 

per cent) from the round pipe curve. This might possibly be explained as the 

resul t  of spacers i n  the esJiaulib except that no appreciable difference In the 

data could be detected when using different s i z e d  spacers (0.036, O.G63? 

and 0.094 in. across). 

It i s  interesting to note that  the investigators, Rothf’us and Washington 

and Marks, who found the greatest deviation from the round pipe data used air 

as the test fluid azld a l l  %he others used water. 

Atherton (ref .  2) measured pressure drops in three annuli using air, 

water and fie1 oil for Reynolds ntodlulf up to 100,000. The data were so 

widely scattered, that they were not considered in. this survey, Apparently 

the technique used was not as good as the other investigators who obtained 

good precision of results. 

P a r a l l e l  Flow t o  Tube Banks 

Pressure drop data fo r  unbafTled f l o w  parallel  to tube banks couEd not 

be found i n  %ha l i terature.  

Cohen e t  al (refo 6) have recently measwed pressure drop for  p a r d e l  

The results are to be publiskreif f l o w  t o  tube banks for several geornetrfes. 

soon 151 Porn of &IP Oak Ridge NatSonaZ. Laboratory report. The pertinent 

results of these experkrments are shown 9n Figure 3.  

are slightly lower than the Staxiton &PanneLL-BSasius data for round pipe. 

The maximm tieviation of“ an experinental point i s  22 per cent low fi the 

.t;urbulent regbe* The data, however, are in  good. agreement w i t h  the cali-  

bration run on a 1 J  14h. &sa; plpe. 

deviation occurs when the t e s t  fkuia fs air, 

In  general, the data 

Again it i s  noted that the ma~lmum 
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UNCLASS I F I ED 
DWG. 14677 

o 1 . 1  IN. DIAMETER GLASS PtPE- WATER.  
S I X  118 IN. BRASS TUBES IN 1 . 1  ON. GLASS PIPE - W A T E R .  

o SIX 3/16 IN. B R A S S  Ttl8ES IN 1 . 1  IN. GLASS PIPE- WATER. 
S I X  1/4 IN. BRASS TUBES IN 1 . 1  IN. GLASS PSPE- WATER. 

x I2 WIDE x 20 HtGH 1/8 IN. COPPER RODS IN LUCITE ANI) 
WOOD RECT. DUCT. - A I R .  

WOOD REGT. DUCT. NU-K ALLOY. 
A 12 WIDE X 20 HIGH 1/8 IN. COPPER RODS LuClTE A 

DATA B Y  COHEN, FRAAS AND LAVERNE (REF 6 )  

REYNQLOS MODULUS BASED ON EQUIVALENT DIAMETER 

FIG. 3 
FRICTION FACTORS FUR ISQTHERMAL FLOW 

PARALLEL TO BANKS OF TUBES 



COMCI.AR3LUBs 

In view of the f 13 per cent agreemen% with the r m d  pipe data, it can 

be conclurfed that  for pract ical  purposes the equivalent dfame?ter is  ea satis- 

factory correlation parameter fox pressure dxop due t o  establi&& %wbiLent 

flow i n  norrcirculm ducts, annuli and parallel f l a w  systems. 

Tfie differences existing for .the various geometriea indicate that the 

correlation 9s only approximate acrd that the friction factor is not a, unique 

function of t h e  Reynolds modulus as i n  the ease of' turbulent fluw fi pipes, 

The contrlbutory causes for the difference are probably the complexity of 

momentum .transfer created by the ex i s t ewe  of secondrsry flaw in corners 

of noncircuhr ducts aad the non-linearity of %he shear distribution in 

noncircular geoaetrfes and annuli. 

however, it mst be conc3uded that sese effects are small. 

Ih view of the relatively good correlation, 
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