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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 papel 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,
Y

Flow data
Ds

p’
Vv,

coordinate in the direction of flow;
coordinate perpendicular to the
wetted wall ;

cross section of flow;

wetted perimeter (Ty);

hydraulic diameter, 4F/P;

radius;

annular gap parameter, equations
(3H5);

distance, height, width, respectively,
of roughness elements

parameter of geometry, equations
(12) and (13);

dimensionless wall distance,
=y-U*/v;

dimensionless height of roughness,
= h+U*/v.

pressure;
density;
kinematical viscosity;

A friction factor;
T, Ty, shear stress, wall shear stress;
U, local velocity;
U, average velocity ;
U*,  shear stress velocity, \/(tw/p);
U*t, dimensionless velocity, U/U¥,
R(h™), roughness function;
R, numerical values of roughness func-

tion for large h™ ;
K, 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 broad 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 TUBE
The pressure loss of a flow in the annular gap
is given by the following equation which
defines the friction factor:

dp P2l
—_—= — e 1
dx '12 v D 1)
where D is the so-called “hydraulic diameter”
4F
= — 2
D P (2)

If A 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.

a=i/5 B=r, 7,

Fic. 1. Annulus separated in zones.
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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 [1].

Annular zones are the inner zone (Fig. 1),
which is limited by the inner roughened wall,
and the line with the shear stress 1 = 0, geo-
metrically defined by

Y = ro/ry (3)

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

B =ro/ra. (4)
If the annular gap is described by :
o == rl/rz (5)
we obtain
y = pla. (6)

As shown in [1], 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

U," =25y} + 55. )

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

U, = 2.511,% + R(h™) (8)

. where R(h*) is determined by the form of the

roughness elements (e.g. s/h and h/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= Umax+ - U+ (9)

which in turn is directly substituted in the
friction law, as shown in [1].

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

) o] mwr-ao
1 L (10)

Outer smooth zone :

\/(i) =250 |20 Uf] + 55 — G,(f).
Aa | v (11)
It applies that
K x 375 + 1-25
Gify) = === =1 1)
+ 7
K x 375+ 125 x B
G(f) = T 7 (13)

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

(1]:

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
ro —ry:

U o — T
max_2‘ [o] 1 +
i 51n—h + R(h™)

and from (7):

Umax —
U,*

(14)

251n [’2 = To Uz*] + 55 (15)
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Fic. 2. Hypothetical velocity profiles in annuli.

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

25 [r2 —To Uz*] + 55
U* v (16)
Uy o — T “
25In=—"! + Rh")

Another equation provides the condition of
continuity :

X
=

1 Fy
F

2 Fz

=1.
F

+ (17

S
Sl

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:

__ dp D
Tw = a Z (18)
A comparison with (1) leads to
Tw — (A
—}=U [{-} 19
JG)- ) o

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

L3)-2 )

(20)
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S5 e
p 8

The condition that the pressure drop in both
zones is equal to that in the entire channel (18)
results in

Tw w1 Tw2
D7D, D, )
hence,
wi_ D D tw_Dii
Tw D iy D 1y, D, '

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

Wi _ B  1-f
Ty ol —a) Ty | 4
2 _ 2
E’leﬁ_iz. (24)
Twa ol — %)

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

Twi

Tw2

r;— Tw2 Tw
2..51n|: " 2(r2—r1)\/< >\/<_> +55

2-51n[ ; ]+R(h+) (25)

Under the logarithm in the numerator the
quantity 7y/p can be replaced by U2%i/8 of
equation (19); it appears that
D-U
v

= Re.

(26)

The use of equations (3)+5) and (24) resulits in
- /}2 _ (X2> B
o1 — %)
i e ]
21 —a)Yy\1l—a @

252 =%+ Rttt

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

8 3 —
\/<M> =25In ; ha + R(h+) — Gy) (28)
|
8\ L [1=8 JA—p )
/<T> pa i >\/(1 - )R\/@]
+ 55 — G,(p). (29)

Equations (19){21) and the respective area
ratios, change equation (17) into

JET=E WE=0)
i) 1 —a? Y\l = a)
NL-p [1-p
+\/<;1—2)1_a2\/<1_a>=1. (30)

Equations (27)+30) as well as (12) and (13)
provide a means of interpretation with «, Re,
4, h/ry being given and f(z =0), 4,, 4, and
R(h*) as well as h* being calculated. Besides,
the equations can be used for calculation of
the pressure loss () if @, 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 fins
of rectangular profile as shown in Fig 3.
Feurstein and Rampf [2] indicate measured
results obtained from these roughnesses in
diagrams in which 1 is plotted over Re. The
method of interpretation is demonstrated first
by an example. In a diagram which shows the

———= Flow
i

P

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. 14), Rectangular roughness s/h = §;

h/b = 167
107%Re*  i* B k* Rk
2 0072 08694 868 345
3 00665 08725 1258 369
5 00622 08785 2049 382
7 00604 08833 2851 383
10 00595 08891 4083 377
20 0058 08995 8205 367

For all values: o =0-5197; h/r = 0-6061.
= measured values taken from [2], Fig. 14.

Table 2. Determination of roughness constants R

) e h sh h/b* R
00295 3747 118 106
00316 3957 166 9.78
3 0048 5331 25 25 612
0059 6092 333 484
008 7342 666 333
0028 2394 175 10:25
0036 2909 25 743
2 005 3651 375 166 483
00595 4083 5 377
0063 4232 10 346
0059 4061 15 382
00314 1312 35 712
00398 1564 S 48
1 00482 1782 10 0833 335
00413 1605 20 45
0035 1425 30 597
00318 663 7 523
00392 773 10 32
05 00343 702 20 0418 443
0028 599 40 678
00252 547 60 831

* = measured values derived from [2].
o =05197; Re= 10>,
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It appears that the T = 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 investigated 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] and have been sum-
marized in Table 3. The first 12 results which
are given by Kjellstrom 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
[8], Koch [9] and Sams [10]. Finally, the
measured values by Schlichting [11] 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

Table 3. Parameters pertaining to Fig. 4

s/h h/b R Lit,
1-85 4 733 [3]
395 1-818 308
82 1 303
156 0-526 408
188 04348 472
107 0769 318
234 0-345 697
275 0-303 597
23.5 00862 644
176 02564 649
278 i 608
7.9 0-345 7.38
892 092 204 [4]
169 08 492 [5]
833 06 304
10 2 238 [6]
s ! 3.54
10 | 320 1)
204 08 445 [8]
3.92 5 347
98 5 316 9]
1-46 1-37 7.42
2086 0862 933 [10]
2274 088 1212
1875 107 417
129 103 228 [11]
667 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.

K. MAUBACH
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FiG. 4. Roughness Parameter—rectangular ribs.

Results of measurements are given with the corresponding
value of h/b.

CALCULATION OF FRICTION FACTORS IN A
ROUGH ANNULAR GAP WITH TRANSVERSAL
RIBS

For calculation of the friction factors of
turbulent flow in annular gaps with roughened
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 [2].

Figures 5 and 6 show the results. The given
values of s/h and h/b allow to take R from Fig.
4 and A was calculated for the respective values
of o and h/r, for different Reynolds numbers.
From [2], (Figs. 12-15),the respective measured
values of A were read for Re = 2 x 10% 5 x 10%,
105 2 x 10° 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

A A
a - T— ———
o
2 —
ooty I | L 1
10 2 5 10 2 5 08
Re
s/hth/bl R h/r, hz  7,Biki Ne [Measured
© | 1wo]1.86]3.1 o.osoq 14
@ 1 5 [4661405bo08] 14 .
@ |20 |0.838 4,3 oo i3 o
@ |10 |oaE 3,4 ooss 12 A
® | 5 [0,418{5,0 poss| 12 o

Fic. 5. Comparison of calculated with measured friction
factors of [2]. Annulus = 0-5197.

and then a transversal rib with an R = 26
applied to the central tube. R = 2-6 results
from Fig. 4 for a rectangular rib with s/h = 8
and h/b = 5. It appears that with Re = 10°
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Fic. 6. Comparison of calculated with measured friction
factors of [2]. Annulus = 0-5197.

and h/r; = 01 the friction factor is about a

factor of 2-7 higher for the transversal rib than

in the case of identically high sand roughness.
Figure 8 shows the rate of increase of the

Lo
8t
sr 2:0,5
4 — Transv.tibs 722,86
B ~——Sand R=8,5 "
2F S ———
0,2
——
PRI el
a o1
8L bl ——
ér O2mm e 0,05
al O, = — . e S 0,02
L 0,05 Z = = 0,0
Round tube” L 000000 T ——
2k
0,0t 1 i Ilili!} i i iaunL
z 4 6 810° 2 a & 8 2 4 & 810
Re

Fic. 7. Comparison sand-roughness— transversal ribs.
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Fic. 8. Influence of r,/r, on friction factor.

friction factor with increasing o and reduction,
respectively, of the gap between the central and
the outer tube.

Finally, Fig. 9 shows an example in which
way the friction factor of the entire channel is
generated from the friction factors of the two

zones. The typical development in the smooth
outer zone is clearly visible. In the inner zone
R is constant, but not the friction factor, since
P varies, i.c. the location of the 7 = 0 line moves
to' the outside with Re. Related points are
marked by identical symbols.

1,0
sf
-
ST R=26 a=0,5nk=0,05
af
L
2r
a ” - o Inner zone
A Ol
s_ g‘
- B B Entire channel
Ly —
u
4} i\ﬂ
o \a\
> @
W“e
0,0l i vl Lol L]
2 4 6 810 2 4 & 81O 2 4 6 8IK0°

FiG. 9. Friction factors, inner zone, outer zone, total channel.
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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 h/b.

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

Résumé—On présente une méthode qui permet l'interprétation des mesures de chute de pression dans
les tubes rugueux, les espaces annulaires et les plans paralléles. Un paramétre décrit 1’effet de la rugosité
sur un profil de vitesse turbulente. En conséquence les mesures expérimentales avec différentes rugosités
et géométries de conduit peuvent étre généralisées et rendues comparables. Le mémoire résume les résultats
de 'interprétation des essais avec des rugosités 4 section droite rectangulaire donnés par plusieurs auteurs

dans la bibliographie.

On donne enfin des exemples de calcul de coefficient de frottement pour des nombres de Reynolds,
des géométries de conduit et de rugosité données. Ces résuitats prouvent que la méthode proposée permet
de calculer les coefficients de frottement pour un écoulement turbulent isotherme dans un espace annulaire

a tube intérieur rugueux avec une précision qui est suffisante pour les projets.
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DRUCKVERLUST IN RAUHEN RINGSPALTEN. INTERPRETATION VON
EXPERIMENTEN UND BERECHNUNG FUR RECHTECKIGE QUERRIPPEN

Zusammenfassung-- In dieser Arbeit wird eine Methode zur Interpretation von Druckveriustmessungen
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 Rauhigkeitsformen 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-Zah! der Strémung, 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, fiir Auslegungsprobleme

ausreichender Genauigkeit zu berechnen.

NEPENAA OABJEHUSA B LIEPOXOBATOM HOJIBIIEBOM KAHAJIE.
OBPABOTKA SKCOEPUMEHTAJIbHBLIX JAHHBIX 11 MEPECYET OJIA
NPAMOYTOJbHBIX PEBEP

AHHOTAIMA—ONUCAH MeTOX, M03BOJANMIMI 00pafoTaTh M3MepeHHBIe 3HAYEHUA Iepenaja
JdaBIeHMA [JIA LIEPOXOBATHIX TpY6, KOJBLEBBIX KAHAJNOB U MapaJIENbHHIX TJIACTHUH.
BuiBeligHHEIl apamMeTp ONMCHBAeT BJAMAHME LIEPOXOBATOCTH Ha npoduib TypOyseHTHOI
cKopocTH. B peayibTaTe DHCIEPMMEHTANbHBIE JaHHBIE MO DA3JIUYHBLIM IEPOXOBATOCTAM U
reoMeTpusaM KaHAJIA MOMKHO 0GOOIMTE U NPUBECTH K CONMOCTABUMOMY Bujy. B crathe cymmn-
PYIOTCA pe3yabTaThl 06pabOTKU NaHHBLIX JJIA DIEMEHTOB HMIEPOXOBATOCTEN IPFMOYTOIBHOTO
ceYeHnd, IPUBEEHHBIX B JMTepaType MHOTOYHCIEHHBIMU ABTOPAMHU.

HaxoHel, mnpuBOAATCA NpUMepbl nepecyeta Ko2QOUIMEHTOB TPEHHA NpU  YCJIOBHU

3QAHHBIX 3HA4YeHUiNl Kpurepusa PellHOIbICA B KaHajJe U TIeOMeTPHIl IIEPOXOBATOCTH.
Pe3synbTaThl MOATBEPHKAAIOT, YTO NP0 KEHHbIl MeTO/] 1I03BOJIALT PACCUMTATh KOBP@UITHEHTH
TPEeHHMA [JIA W30TePMUYECKOro TYpOYJEHTHOIO TEYEHHA B HKOHUEHTPUUECKUX KOJIBLEBHIX
KAaHANaX ¢ IIepOXOBATEIMM BHYTPEHHUMU CTEHKAaMH ¢ TOYHOCTBIO, JOCTATOYHON A

MHIKEHEePHBIX PAcueToB.



