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Abstract-A method is presented which allows the interpretation of pressure drop measurements with 
rough tubes. annuli and parallel plates. A parameter deduced describes the effect of roughness on a 
turbulent velocity profile. As a result. experimental data with various roughnesses and channel geometries 
can be generalized and made comparable. The papet. summarizes the results of the interpretation of data 
with rectangular cross section roughnesses given by numerous authors in the literature. 

Finally. examples of the recalculation of friction factors are shown, provided that Reynolds numbers 
of the flow. channel and roughness geometries are given. The results prove that the method proposed 
enables us to calculate friction factors of isothermal turbulent flow in concentric annuli with rough inner 

tubes with a precision which is sufficient for design problems. 

NOMENCLATURE 

Geometrical parameters 
X, coordinate in the direction of flow ; 

Y, coordinate perpendicular to the 
wetted wall ; 

F, cross section of flow ; 

p, wetted perimeter (zW) ; 
Q hydraulic diameter, 4F/P; 
r, radius ; 
a, 0, y, annular gap parameter, equations 

(3H5) ; 
s, h, b, distance, height, width, respectively, 

of roughness elements 
G parameter of geometry, equations 

(12) and (13); 

Y+, dimensionless wall distance, 
= y- V/v; 

h+, dimensionless height of roughness, 
= h l V/v. 

Flow data 

P9 pressure ; 

P1 density ; 

V, kinematical viscosity ; 

K, 

friction factor ; 
shear stress, wall shear stress ; 
local velocity ; 
average velocity ; 
shear stress velocity, ,/(~~/p) ; 
dimensionless velocity, U/U*, 
roughness function ; 
numerical values of roughness funo 
tion for large h+ ; 
constant. 

INTRODUCTION 

ARTIFICIAL roughness as a means of improving 
heat transfer gains more and more interest, 
especially for application to gas cooled reactors. 
The thermodynamic design of the reactor core 
calls for knowledge of the heat transfer data 
and pressure losses generated by roughnesses. 
Therefore, a considerable number of experi- 
mental investigations have been performed and 
will be performed in the future in order to find 
the most appropriate forms of roughness. For 
investigations involving a br_oad variation of the 
geometrical roughness parameters it will be 
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useful to work with a simple channel geometry 
which limits experimental costs. This resulted 
in the use of the concentric annular gap with 
rough inner tube in a large number of experi- 
ments. In the following paragraphs, turbulent 
flow in the concentric annular gap will be 
described and a method will be indicated which 
allows the interpretation of pressure loss 
measurements. In this way, general parameters 
can be derived from the experimental results 
which help to calculate the hydraulic behavior 
of the flow. 

TURBULENT FLOW IN AN ANNULAR GAP WITH 
ROUGHENED INNER TURE 

The pressure loss of a flow in the annular gap 
is given by the following equation which 
defines the friction factor : 

gp; (1) 

where D is the so-called “hydraulic diameter” 

*=y (2) 

If 1 is known as a function of the Reynold’s 
number, the channel form, and the geometrical 
form of roughness, the pressure loss can be 
calculated. 

Q =‘;/‘i P-G4 r-rcq 
FIG. 1. Annulus separated in zones. 

In the case of the concentric annular gap with 
roughened inner tube represented in Fig. 1, an 
additional difficulty is encountered in the 
interpretation of the experiments and cal- 
culation of the pressure loss. This difficulty is 
due to the interaction of the roughened inner 
and the smooth outer walls. 

The difficulty mentioned above is overcome 
by the following assumption: Let the flow in 
the concentric annular gap by hydraulic like 
the flow in two fictitious annular zones which 
are combined in an appropriate manner [I]. 

Annular zones are the inner zone (Fig. l), 
which is limited by the inner roughened wall, 
and the line with the shear stress r = 0, geo- 
metrically defined by 

Y = ye/r1 (3) 

as well as the outer zone between the z = 0 
line and the outer wall, characterized by 

/I = Y&,. 14) 

If the annular gap is described by : 

Y. --l-,/r2 (5) 

we obtain 
y = /j/a_ (6) 

As shown in [l], the experimental results 
available justify the assumption that the uni- 
versal laws of velocity distribution found for 
the circular tube are applicable also to these 
annular zones. 

In the outer smooth zone (index 2) the velocity 
profile of the smooth tube (law of the wall) is 
applicable : 

uz+ = 2.5 In yi + 5.5. (7) 

The following relation applies to the inner 
roughened zone (index 1) 

LJ1+ = 2-5 In: + ROi+) 0.0 

where R(h+) is determined by the form of the 
roughness elements (e,g. s/h and k/b for trans- 
versal ribs with rectangular cross sections). 
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Thus, the nature of the wall determines the 
form of the velocity profile. The ‘friction factor 
is defined in addition by the form of the channel 
which determines the magnitude of the para- 
meter 

G = U,,,+ - 0’ (9) 

which in turn is directly substituted in the 
friction law, as shown in [l]. 

The following friction laws can be derived : 
Inner roughened zone : 

1 

J(t) = 25ln [IT] + R(h+) - G,ty)(lO) / 

-i 

Outer smooth zone : 

/(:)=2.51n[vLi,;] +55-G,!).) 

It applies that 

K x 3.75 + 1.25 x y 
G,(y) = 

l+y 
(12) 

WB) = 
K x 3.75 + 1.25 x /I 

1+/3 -- 
(13) 

K constitutes an empirical parameter intro- 
duced as a means of fitting the experimental 
results; it takes the following numerical values 

Cl1 : 
K = 1.0576 for smooth zones; K = 1 for 

roughened zones. 

The velocity profiles originating from the two 
walls intersect at the velocity U,,, defined in 
Fig. 2 : 

It follows from (8) for U,,, at the distance 
10 - r1: 

FIG. 2. Hypothetical velocity profiles in annuli. 

After elimination of U,,,, equations (14) and 
(15) yield : 

U1* 2.5 In r+ U,‘] + 5.5 
- = 
UZ* 

(16) 

2.5 ln r” - r1 
h 

+ R(h+) 

Another equation provides the condition of 
continuity : 

(17) 

These equations are employed to determine the 
required friction factor. This calls for a number 
of transformations which are described below. 

A comparison of forces gives for the mean 
wall shear stress : 

- dpD 
Tw=dx’4. 

A comparison with (1) leads to 

(18) 

U max - = 
Ul* 

2.5 ln y + R(h+) (14) 
(19) 

and from (7) : 
Correspondingly, equation (19) yields for the 
respective zones : 

U 
G= 2-51n[yUl;l + 5.5. (15) 
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The condition that the pressure drop in both 
zones is equal to that in the entire channel (18) 
results in 

fW TW1 Tw2 
-=----__ 

D D, D, 

hence, 

(274 

TW1 DI ~wz D2 7~1 D,. 
-=__ -=_ -_=_ 

TW D Zw D ,rw2 D; 
(23) 

Substitution of the respective areas and perim- 
eters according to Fig. 1 and the use of equations 
(3H5) finally yields : 

Tw* /I’-a’ zw2 1 -p’ 
---= --Z 
fW a(1 - a) Z, l-a 

zwl p2 - a* 
-zz (24) 
7w2 a(1 - /I?‘)’ 

Extension with D = 2(r, - rI) and Z, of equa- 
tion (16) yields : 

TW1 
‘Z 

zw2 

+ 5*5 r. -h 2.5ln h 
[ 1 + R(h+) 

Under the logarithm in the numerator the 
quantity Yw/p can be replaced by O*,I/8 of 
equation (19); it appears that 

0-U 
~ = Re. 

V 

The use of equations (3H5) and (24) results in 

2.51n [~/(ff<)Re/(~)] + 5.5 

’ ‘27) 

Correspondingly, equations (10) and (11) are 
transformed : 

J(t) = 2*5lnry] + R(h+) - G,(y) (28) 

rt 

+ 5.5 - G,(p). (29) 

Equations (19H21) and the respective area 
ratios, change equation (17) into 

Equations (27H30) as well as (12) and (13) 
provide a means of interpretation with a, Re, 

A, h/r, being given and flCr = 0), A,, A, and 
Rfh+) as well as h+ being calculated. Besides, 
the equations can be used for calculation of 
the pressure loss (A) if a, Re, h/r, (height of 
roughness elements) and R(h+) (form of rough- 
ness elements) are known. 

RESULTS OF INTERPRETATIONS OF ANNULAR 
GAP MEASUREMENTS 

The following results are restricted to 
measurements performed with transversal tins 
of rectangular profile as shown in Fig. 3. 
Feurstein and Rampf [2] indicate measured 
results obtained from these roughnesses in 
diagrams in which ,I is plotted over Re. The 
method of interpretation is demonstrated first 
by an example. In a diagram which shows the 

- Flow 

FIG. 3. Shape of roughness elements. 
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measured results for a specific form and height 
of roughness the A-values related to several 
Reynolds numbers are read and interpreted 
with the help of the equations indicated above. 
The result is shown in Table 1. 

Table 1. Interpretation; measured values derived 
from ([2] Fig. 141, Rectangular roughness s/h = 5; 

h/b = 1.67 

10e4Re* A* - P h+ Rfh+) 

2 a072 a8694 868 3.45 
3 0.0665 a8725 125.8 3.69 
5 0.0622 a8785 204.9 3.82 
7 00604 a8833 285.1 3.83 

10 0.0595 a8891 408.3 3*?1 
20 0058 as995 82a5 3.67 

For all values: a = 05197; h/r1 = O-6061. 
* measured values taken from 121, Fig. 14. 

Table 2. Determination of roughness constants R 

h&m, A* h+ slh h/b* R 

a0295 3747 
a0316 395.7 

3 a048 533.1 
a059 609.2 
008 734.2 

0028 
0036 

2 a05 
a0595 
ao63 
a059 

a0314 131.2 
a0398 156-4 

1 a0482 178.2 
a0413 1605 
a035 142.5 

00318 
a0392 

a5 a0343 
a028 

239.4 1.15 
2909 2.5 
365 1 3.75 
408.3 5 
423.2 10 
406.1 15 

66.3 
77.3 
702 
59.9 
54.7 

3.5 

10 
20 
30 

10 
20 
40 
60 

2.5 

l-66 

0833 

a415 

106 
978 
612 
4.84 
433 

la25 
7.43 
4.83 
3.77 
3.46 
3.82 

7.12 
48 
3.35 
4.5 
5.97 

5.23 
3.2 
4.43 
678 
8.31 

* = measured values derived from 123. 
C( = 05197; Re = 10’. 

It appears that the z = 0 line moves towards 
the outer wall with increasing Reynolds num- 
ber; the quantity R(h+) first increases and then 
reaches an almost constant level. 

I now assume that for all forms of roughness 
investigated by Feurstein and Rampf [2] a 
constant value of R(h+) is obtained for high 
values of h+ and calculate this value from the 
measurements at Re = 100000. The result of 
the interpretation with respect to 21 measured 
forms of roughness is shown in Table 2. 

On the basis of these results and using 
additional measured values, it will be attempted 
in the following paragraphs to indicate for this 
form of roughness-transversal ribs and rec- 
tangular profile-the dependence of the quan- 
tity R on the parameters s/h and h/b, which 
characterize this type of roughness. 

COMPARISON OF MEASURED RESULTS ON 
TRANSVERSAL RIBS 

Quite a number of measured results are 
indicated in the literature which were obtained 
on transversal fins with rectangular profiles. 
The flow channels investigate were circular 
tubes, parallel plates and annular gaps. The 
experimental techniques employed included 
either measurements of the velocity profile 
and, hence, the direct determination of R(h+). 
or measurements of the pressure loss and deter- 
mination of R(h+) by the method of interpre- 
tation described above. The measured values 
were discussed in [1 f and have been sum- 
marized in Table 3. The first 12 results which 
are given by Kjellstriim and Hedberg [4], 
Hewitt [5], Hewitt and Kearsey [6], and Kaul 
and V. Kiss [7] and were derived from pressure 
loss measurements carried out on annular 
gaps. Pressure loss measurements made on 
circular tubes resulted in values by Nunner 
[S], Koch [9] and Sams [lo]. Finally, the 
measured values by Schlichting [ll] are indi- 
cated which are velocity measurements per- 
formed on parallel plates. 

Figure 4 indicates the results obtained on a 
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total of 48 test sections (Tables 2 and 3). Em- 
pirical curves are plotted the parameters of 
which represent the relative rib width. The 
influence of rib width is particularly great in 
case of small distance ratios. Consequently, 
the geometrical shape of the rib plays a decisive 

ruble 3. Parameters pertaining to Fig. 4 

~--. 
s/h Wb R Lit. 

__----- 

1.85 4 7.33 131 
3.95 1.818 3.08 
8-2 1 3.03 

15.6 0.526 4.08 
18.8 0.4348 4.72 
10.7 @769 3.18 
23.4 0.345 6.97 
27.5 @303 5-97 
23.5 00862 644 
176 02564 6.49 
27.8 1 6.08 

7.9 0.345 7.38 
_______.--. - 

8.92 0.92 2.04 r41 
16.9 @8 4.92 [51 
833 0.6 3.04 

10 2 2.38 II61 
15 1 3.54 
10 1 3.21 171 

_________-__-..- II__-. 

20.4 08 445 r81 
3.92 5 3.47 
9.8 5 3.16 r91 

1.46 1.37 7.42 
2.056 0.862 
2.274 088 

93; VO] 

-- 
18.75 107 4.17 
12.9 10.3 2.28 [ll] 
6.67 10 2.33 

-. 

part. This implies for the experiments that the 
ribs must be fabricated with utmost care to 
ensure geometrical similarity. It is supposed 
that the scattering of measured points in Fig. 4 
can be explained partly by such geometrical 
discrepancies. For each rib width, R is a mini- 
mum at a defined distance ratio; however, it 
seems that it never becomes less than approxi- 
mately 2.5. 

R 

I I I I[ 
0.9 

I ._. 

1.7 

FIG. 4. Roughness Parameter-rectangular ribs. 

Results of measurements are grven with the corresponding 
value of hJb. 

CALCULATION OF FRICTION FACTORS IN A 
ROUGH ANNULAR GAP WITH TRANSVERSAL 

For calculation of the friction factors of 
turbulent flow in annular gaps with roughens 
inner tube equations (27)-(30), (12) and (13) 
are properly evaluated. First, the calculated 
friction coefficients will be compared with the 
values measured by Feurstein and Rampf [Z]. 

Figures 5 and 6 show the results. The given 
vafues of sfi and h/b allow to take R from Fig. 
4 and A was calculated for the respective values 
of a and h/r, for different Reynolds numbers. 
From [2], (Figs. 12-lS),the respective measured 
values ofA were read for Re = 2 x 104, 5 x t04, 
lo”, 2 x lo5 and entered as points. Deviations 
are less than 10 per cent. 

Figure 7 shows a comparison of friction 
factors with once the Nikuradse sand roughness 



ROUGH ANNULUS PRESSURE DROP 2495 

FIG. 5. Com~~son of calculated with measured friction 
factors of [2].Annulus = O-5197. 

FIG. 6. Comparison of calculated with measured friction 
factors of [2]. Annulus = 05197. 

and then a transversal rib with an R = 2.6 and h/r, = 01 the friction factor is about a 
applied to the central tube. R = 2-6 results factor of 2-7 higher for the transversal rib than 
from Fig. 4 for a rectangular rib with s/h = 8 in the case of identically high sand roughness. 
and h/b = 5. It appears that with Re = lo5 Figure 8 shows the rate of increase of the 

6 
a=03 

4 - Tronsv. ribs f?= 2.6 

FIG. 7. Comparison sand-roughness- transversal ribs. 
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I.0 
8 

6 : 

4 

R=2,6 h/r, x0,02 

0 

2 0.9 

x 0.1 

8 b -To.? 

;ii / ,Jos5 
2 4 6 8 IO’ 2 4 6 f3lO’ 2 4 6 6 d 

Re 

FIG. 8. Influence of r,/r, on friction factor. 

friction factor with increasing a and reduction, zones. The typical development in the smooth 
respectively, of the gap between the central and outer zone is clearly visible. In the inner zone 
the outer tube. R is constant, but not the friction factor, since 

Finally, Fig. 9 shows an example in which fl varies, i.e. the location of the T = 0 line moves 
way the friction factor of the entire channel is to’ the outside with Re. Related points are 
generated from the friction factors of the two marked by identical symbols, 

I 0 
8 

6 

4 

R=2,6 a=0,5h/c -0.05 

a-a-a-a Inner zone 

x OJ 
e 
6 

4 

2 

Entire channel 
3 

FIG. 9. Friction factors, inner zone, outer zone, total channel. 



ROUGH ANNULUS 

SUMMARY 

Calculation of the pressure loss of turbulent 
flows in annular gaps with wall roughnesses 
requires knowledge of the parameters which 
determine the effect of roughness on the 
velocity profile. The equations are indicated 
which describe the isothermal turbulent flow 
in concentric annular gaps with roughened 
inner tubes. These equations are used to 
determine the parameter of the rough velocity 
profile R(h+) from measurements of the pres- 
sure drop only. With respect to transversal 
ribs with rectangular profile this parameter 
is obtained from numerous measurements per- 
formed by different authors and a diagram is 
presented which shows R!h+) in the interesting 
range characterized by the distance ratio s/h 
and the width ratio hJb. 

The equations are used also to calculate the 
pressure drop for a given channel geometry 
(ratio of diameters), the flow velocity (Reynolds 
number), and the form and height of roughness, 
with R(h+) read from the diagram mentioned. 
The comparison of calculated friction factors 
with the measured results provides good agree- 
ment. Examples are given to demonstrate the 
influence exerted on the friction factor by 
different forms of roughness and heights as 
well as the ratio of diameters. 

The results show that the method described 
can be used to calculate the pressure loss of 
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turbulent flows in concentric rough annular 
gaps with an accuracy sufficient for technical 
application. 

1. 

2. 

3. 

4. 

5. 

6. 

1. 

8. 

9. 

IO. 
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CHUTE DE PRESSION POUR ESPACE ANNULAIRE RUGUEUX. INTERPRETATION 
DES EXPERIENCES ET CALCUL POUR DES STRIES CARREES 

RQum&-On presente une mtthode qui permet I’interpretation des mesures de chute de pression dans 
les tubes rugueux, les espaces annulaires et les plans paralleles. Un paramdtre decrit I’effet de la rugositt 
sur un prolil de vitesse turbulente. En consequence les mesures experimentales avec differentes rugositts 
et geometries de conduit peuvent &re gentralisbes et rendues comparables. Le mtmoire resume les rtsultats 
de I’interprttation des essais avec de-s rugositb a section droite rectangulaire don& par plusieurs auteurs 
dans la bibliographie. 

On donne enlln des exemples de calcul de coefficient de frottement pour des nombres de Reynolds, 
des geometries de conduit et de rugosite don&es. Ces rbsultats prouvent que la mtthode proposb permet 
de calculer les coefficients de frottement pour un tcoulement turbulent isotherme dans un espace annulaire 

ii tube inttrieur rugueux avec une precision qui est suffisante pour les projets. 
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DRUCKVERLUST IN RAUHEN RINGSPALTEN. INTERPRETATION VON 
EXPERIMENTEN UND BERECHNUNG FtiR RECHTECKIGE QUERRIPPEN 

Zusammenfassung~ In dieser Arbeit wird eine Methode zur Interpretation von Druckverlustmessungen 
an rauhen Rohren, Ringspalten und parallelen Platten dargestellt, wobei ein Parameter angegeben wird, 
der die Wirkung der Rauhigkeitselemente auf das turbulente Geschwindigkeitsprofil beschreibt. Damit 
wird es moglich, Messwerte, die an verschiedenen Raukigkeitsformen und Kanalgeometrien gewonnen 
werden, zu verallgemeinern und zu vergleichen. Die Messergebnisse vieler Autoren an Rauhigkeiten mit 
Rechteckquerschnitt werden auf diese Weise interpretiert und zusammengestellt angegeben. 

An einigen Beispielen wird schliesslich die Berechnung des Reibungsbeiwertes gezeigt; dabei werden 
die Reynolds-Zahl der Stromung die Kanal- und Rauhigkeitsform vorgegeben. 

Die Ergebnisse zeigen, dass die beschriebene Methode es erlaubt, die Reibungsbeiwerte der isothermen 
turbulenten Stromung in konzentrischen Ringspalten mit rauhem Innenrohr mit, fur Auslegungsprobleme 

ausreichender Genauigkeit zu berechnen. 

HEPEHAA fiABJIEHEIH II IIIEPOXOBATOM HOJIbHEHOM HAHAJIE. 
OBPABOTHA 3KCHEPBMEHTAJIbHbIX AAHHbIX II HEPEC’IET AJIFI 

HPPIMOYI‘OJIbHbIX PBEEP 

Amomqasr-Onmaa MeTOR, 1103BOJUUO,,@ 06pa6OTaTb n:mepeHmre 3HaqeHMfl rrepenana 

naBJIeHMR AJIfl UlepOXOBaTbIX TpJ'6, KOJIbUeBbIX KBHBJIOB M napanJIenbHbIX IIJIaCTLIH. 

BbIBeAeHHbIti napaMeTp OnHCbIBaeT BJIIIRHkle IIIepOXOBaTOCTH Ha npO@IUIb TJ'p6j'JIeHTHOfi 

CKOpOCTS. B pe3J'JIbTaTe 3KCnepMMeHTaJIbHbIe XaHHbIe n0 pa3JIMYHbIM IIIepOXOBaTOCTRM 51 

reOMeTp‘,FIM KaHaJIa MOXCHO 0606IL(HTb &I npllBeCTM K COnOCTaI3klMOMyBI'lfi~. 13 CTaTbeCJ'MMM- 

PJ'IOTCR pe3J'JIbTaTbI 06pa60TKa AaHHbIX AJIH 3JIeMeHTOB IIIepOXOBaTOCTeM IIpRMO~'O"bHO"0 

CeWHRR, npMBeAeHHbIX B JIllTepaTj'pe MHOI'O4~1CJIeHHbIMM aBTOpaMLl. 

HaKoHeq, npsBoAKTm npmepbI nepecqeTa KO3@I@~HeHTOB TpeHHR IlpM jWIOB~l~1 

3aAaHHbIx 3HaseHldi HpnTepIlR PetiHonbRca B KaHaJIe kl reOMeTpllii IIIepOXOBaTOCTll. 

Pe3J'JIbTaTbInO~TBep~~~aIOT,YTOnpe~JlO~eHHbI~MeTO~ n03BOJIFleT paCCWfTaTbKO3#N#M~MeHTbI 

TpeHLiH AJIR H30TepMWieCKOFO Typ6J'JIeHTHOI.O Te'IeHHfl B KOHlJeHTpWeCKMX KOiIbqeBbIX 

KaHaJIaX C lIIepOXOBaTbIM&l BHYTpeHHklMM CTeHKaMn C TO'IHOCTbIO, ;IOCTaTOYHOfi AJIFl 

MHHieHepHbIX paC9eTOB. 


