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Abstract-This work presents experimental information for single-phase forced convection in a circular tube 
containing a two-dimensional rib roughness. It extends the state-of-the-art by examining the effect of the rib 
helix angle, Although prior studies have proposed that helix angles fess than 90” will provide superior heat 
transfer per unit pumping power, no data have been reported for flow in circular tubes. The present work 
reports the heat transfer and friction characteristics for air flow with three helix angles (30, 49 and 70”) all 
having a rib pitch-to-height ratio of 15. The preferred helix angle is approximately 45”. The data are 
correIated in a form to permit performance prediction with any relative roughness size (e/D). The benefits of 

the roughness for heat exchanger applications are quantitatively established. 
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NOMENCLATURE 

heat transfer surface area; 
friction factor correlating parameter 
for geometri~aliy simitar roughness; 
friction factor corretating parameter 
for helical-rib roughness ; 
specific heat; 
inside diameter of pipe (at base of 
ribs); 
rib height; 
roughness Reynolds number, e+ = 
eu*/v = (e/D)Re J(f/2); 

& coordinate distance in flow 
direction. 

Greek symbols 

APD p 
friction factor, f = 2~, 3 ; 

helix angle, measured between rib 
and tube axis ; 
rough-tube efficiency index, q = 

(SC%)/(f/f,) ; 
kinematic viscosity; 
fluid density; 
fluid dynamic viscosity; 
apparent wall shear stress, 

DdP 

zo= -4dx’ 
mass velocity (mass flow per unit 
area) ; 
heat transfer correlating parameter 
for geometrically similar roughness; 
heat transfer correlating parameter 
for helical-rib roughness ; 
heat-transfer coefficient (smooth 
tube area basis); 
overall heat conductance; 
flow length between pressure taps; 
number of flow circuits in parallel; 
distance between ribs; 
pressure drop; 
flow friction power; 
Prandtl number; 
heat exchange rate, e.g. W ; 
Reynolds number, Re = DG/,u; 

Stanton number, St = h/GC,; 

shear velocity u* z ,/re/p; 
overall heat-transfer coefficient; 
width of two-dimensional rib; 

Subscripts 

s, refers to smooth tube values ; 
unsubscripted variables refer to rough surfaces. 

INTRODUCTION 

TIIIS WORK is concerned with an improved roughness 
geometry for application to single-phase fluids in 
turbulent channel flow. The roughness type considered 
is internal two-dimensional spiral ribs. Roughness is of 
interest because it provides a substantial heat-transfer 
coefficient increase. Used in heat exchangers, in- 
ternally roughened tubes may be used to reduce 
surface area, or increase system thermodynamic 
efficiency via a reduced mean temperature difference 
for heat exchange. 

Because the increased heat transfer coefficient is 
accompanied by a friction factor increase, the pre- 
ferred roughness geometry will yield a given heat 
transfer augmentation with minimum friction in- 
crease. The particular roughness type studied in the 
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present work is a member of a basic type, on which 
extensive work has been performed. This is ‘repeated- 
rib’ roughness, consisting of two-dimensional ribs 
oriented transverse to the flow, and spaced at a 

distance p. The dimensionless geometric parameters 

are e/D, w/e, p/e. The rib helix angle, considered in this 
study, is an additional geometric variable. Numerous 

studies have been conducted on transverse-rib rough- 
ness (90” helix angle). These studies have encom- 
passed various rib shapes, heights and spacings (1 < 

p;‘e < 40). The published literature on this roughness 
are too extensive to survey here. Bergles and Webb’s 

bibliography [l] report 282 studies of roughness with 

single phase forced convection, many of which treat 

the transverse-rib roughness. The flow geometries 
tested include internal internally roughened tubes, 

parallel-plate flow channels and annuli, in which only 
the outer surface of the inner tube is roughened. 

The previous studies [2,3] show that the heat- 

transfer coefficient attains a maximum value for 10 < 

p/r < 15, with transverse-rib roughness (90’ helix 
angle). At constant Re, St/St, attains a maximum as 
e/D is increased. As Re is increased for this roughness 

size, the ‘efficiency index’, q G (St/St,)/(f/f,) decreases 

rapidly. Webb and Eckert [4] and Webb [5] present 
detailed recommendations to select the roughness size 
(e/D) to yield high St/St, for arbitrary Re, while 
maintaining a high efficiency index. 

Several investigators have suggested that helical, 

rather than transverse ribs will yield a given St/St, with 

a higher efficiency index. White and Wilkie [20] tested 
helical-rib roughness applied to the outer surface of a 

tube in an annular flow configuration. Due to the 
influence of the smooth outer wall, the friction factor 
cannot be interpreted for channel flow, in which all 
bounding surfaces are roughened. They ‘transformed’ 

their data using an equivalent diameter concept pr,o- 
posed by Hall [6]. This transformation is intended to 

remove the smooth wall effect and allow the data to be 

interpreted for the case of rough bounding walls. The 
method by which the equivalent diameter is defined 

has been a controversial subject, and current views arc 
discussed by Dalle Donne and Meyer [7]. White and 
Wilkie’s [20] transformed annulus data showed that 

decreased helix angle causes SI and f to decrease. 
However, the friction factor decreases faster than the 
Stanton number. They concluded that the greatest 
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heat-transfer rate per unit pumpmg power was oh- 

tained with pie = 8 at 33’ helix angle. Han Ed ui. ]8] 
used a parallel-plate channel geometry to study the 
effect of rib shape, p/r and the rib angle-of-attack. 

Their data generally supported that of White and 

Wilkie. Han rt CT!. concluded that a 45 angle of attack 
provided superior performance per unit friction 2~ 

penditure. Withers’ U.S. Patent [9] describes ;i tube 
containing internal helical-ribs. Withers argues that 
superior performance is attained using a rounded rib 

geometry with p/r = 15 and a 39 helix angle 
The technical literature contains no detailed infor- 

mation on the performance of hchcal-ribs ;nstdc 

circular tubes. This work was undertaken to establish 
the effect of helical roughness in circular tube\ and 
identify the optimum helix angle. 

EXPERIMENTAL PROGR4M 

The heat-transfer and friction characteristics of the 

helical-rib surface geometry were measured for three 
helix angles (TV = 30, 49 and 70 ). Figure 1 shows the 
details of the tube geometries. The tubes were made by 
Noranda Metals, Inc. using a cold swaging process, 
For each helix angle, a mandrel was machined having 

grooves corresponding to the helical roughness con- 
figuration. The internal roughness was formed by 

feeding a copper tube lengthwise over the mandrel, 
while a stationary set of rapidly oscillating rollers 

located on the periphery of the tube forced copper into 

the mandrel grooves. 
Air was used as the working thud, encompassing a 

flow range of 6000 < Re c 65 000. In addition to the 

three rough tubes, a smooth tube geometry was tested 
to validate the experimental procedure. 

Figure 2 is a schematic drawing of the test ap- 
paratus. The flow circuit was made from copper tubing 

and the measuring section was suspended in an 
insulation filled duct. The test section air flow was 
supplied by an oilless air compressor. .Test section heat 
was supplied by 25 KVA auto transformer connected 
to 220 V ac. power. The measuring section consisted of 
a 1.52 m long internally roughened hydraulic develop- 
ment section, a 1.52 m long heat-transfer test section 
and 0.61 m long mixing section, in which a series of 
baffles were installed. The unheated hydrauiic de- 
velopment section and the heat transfer test sectton 
had identical internal surface geometries. A 1).X m’ 
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FIG. 1. Helical-rib test sections. 
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FIG. 2. Schematic drawing of test apparatus. 

wood trough, filled with silica aerogel, provided 
thermal insulation surrounding the entire 4.42 m long 
measuring section. 

The test section was spiral wrapped with 3 1.75 mm 
by 0.081 mm Nichrome heating ribbon, with a 
0.50 mm spacing between wraps. The Nichrome rib- 
bon was electrically insulated by 0.076 mm thick 
adhesive-backed Teflon tape cemented to the heating 
ribbon. The test sections were joined by bolted flanges, 
between which a 25 mm thick smooth bore Nylon 
bushing was installed. This bushing contained static 
pressure taps and provided thermal isolation for the 
heat transfer test section. The overall distance between 
pressure taps was 1.55 m. The measured pressure drop 
was corrected for the 25 mm smooth tube flow length 
introduced by the Nylon bushings. 

Eight thermocouples were installed on each heat 
transfer tube. The 0.25 mm butt-welded 
copper-constantan thermocouples were placed in 
0.30 mm2 grooves machined around the circumference 
of the tube. Thermal contact between the copper tube 
and the thermocouplejunction was assured by peening 
the copper tube at the junction. Each thermocouple 
wire was wrapped one-half tube circumference before 
separation from the tube. The inner surface tempera- 
ture was obtained by correcting for the temperature 
drop across the wall. A thermocouple on the outside 
surface of the heating ribbon facilitated calculation of 
the test section heat loss. 

Air inlet and outlet temperatures were determined 
by thermocouples positioned at the tube centerline, at 
the extreme ends of the measuring section. A 0.61 m 
long baffled mixing section was inserted after the heat 
transfer test section to insure measurement of the 
mixed fluid exit temperature. 

All thermocouples were constructed of 0.25 mm 
copper-constantan wire. The reference junctions were 
provided by a Frigistor electronic ice cell which was 
periodically checked with a precision thermometer. 
The temperature-mV conversions were taken from the 
National Bureau of Standards tables. The ther- 

mocouple outputs were measured on a Leeds and 
Northrup Model 8686 potentiometer. 

The volumetric air flow rate was measured with a 
positive displacement Roots Orifice Prover located at 
the outlet of the measuring section. For flows beyond 
the effective range of the Roots meter, a calibrated 
orifice was used to measure mass flow rate. 

The static pressures at the test section and the flow 
meters were measured by U-tube mercury mano- 
meters. The atmospheric pressure was measured using 
a mercury barometer. Pressure drop across the test 
section was obtained by a Meriam travelling well 
micro-manometer. Its accuracy is f 0.064 mm water. 

The electrical power to the test section was de- 
termined by measuring the current and voltage sup 
plied to the heating ribbon. The voltage was measured 
with a Hewlett Packard Model 3466A digital multi- 
meter whose accuracy is f 1.0% of full scale. Current 
was measured by an a.c. ammeter whose accuracy is 
+ 1.5% of full scale. In addition, the resistance across 
the section was measured by an impedance bridge and 
power calculated by (current)2 x resistance. In all 
cases, agreement between the two power measure- 
ments was within l%, thus indicating good experimen- 
tal accuracy. 

The friction factors were determined from pressure 
drop measurements across the test section without 
heat input. The friction factors were based on the 
pressure drop across the 1.52m test section length, 
which was preceded by a 1.52 m rough development 
length. 

t’he heat transfer data were taken following the 
completion of each set of friction data. In order to 
reduce temperature measurement errors, heat inputs 
were selected to provide an air temperature rise of 
8-12 K. Steady state was defined by two measure- 
ments. First, the variation in wall thermocouples was 
observed until constant values were attained ; then, the 
outlet air temperature was monitored. Steady state 
was established if the outlet air temperature did not 
deviate over a 3-min period. 
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TEST RESULTS 

Before initiating experiments with the rib- 
roughened surfaces, the friction factor and heat- 
transfer coefficient were determined for the smooth 
tube and compared with literature values. The isother- 
mal friction factor and Stanton number results are 

shown in Figs. 3 and 4 respectively. The solid line on 

Fig. 3 is the Prandtl--Karman equation [lo]. The solid 
line of Fig. 4 is the Petukhov- Popov [l l] equation for 

turbulent flow in smooth tubes with constant heat flux. 
The smooth tube data are in good agreement with the 

accepted correlations. 
The rough-tube friction data for 30,49 and 70’ helix 

angles are shown in Fig. 3. The helix angle (a) is the 

angle between the rib and the tube axis. The friction 
factor is approximately 607” higher than the smooth 

tube at 70” helix angle and decreases as the helix angle 
decreases. This is shown in Fig. 5 where the friction 
factor is plotted vs. helix angle. 

The rough-tube Stanton number data are shown 

in Fig. 4. Figure 5 shows the Stanton number vs. helix 
angle. These figures show the Stanton number de- 
creases as helix angle is decreased. However, further 
examination of Fig. 5 shows the friction factor de- 
creases at a greater rate than Stanton number. This 

suggests that the friction contribution due to form drag 

at large helix angles is greater than the heat transfer 
due to the flow separation and reattachments. It also 
suggests the definition of an optimum helix angle, 
which will give maximum thermal performance per 
unit friction power. 

CORRELATION OF DATA 

The heat transfer and friction data are correlated 

using accepted correlations for rough tubes. This will 

permit the data to be interpreted for a wide range of 

eJD and Re. 
Correlations for friction in rough tubes are based on 

similarity considerations. Two rough surfaces are said 
to be geometrically similar if their roughness is the 
same in all respects, except for a single scale factor. For 
two-dimensional transverse-rib roughness, variation 
of the helix angle, rib shape or pitch-to-height ratio 
would constitute geometrically non-similar roughness. 

Correlation of such data would require empirical 
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FIG, 3. Frictwn factor vs. Reynolds number. 
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Re = 10000. 

corrections to the functions developed on the basis of a 
similarity law. 

Nikuradse [12] used similarity considerations to 
develop a friction correlation for geometrically similar 
sand-grain type roughness. He showed excellent cor- 
relation of a wide range of roughness sizes using the 
correlation defined by equation (1). 

B(e+) = J2!f+ 2.5 In (2e;D) + 3.75 (1) 

where et 3 eu*/v. For Nikuradse’s sand-grain rough- 
nesses, B(e+) attains a constant value of 8.48 when Y+ 
z 70; this is termed the ‘fully rough’ regime. 
Nikuradse’s friction similarity law should apply to 

any geometrically similar roughness type. However 
B(e+) will have different values for different roughness 
types. Webb et al. [2] used equation (1) with excellent 
results, to correlate friction data for turbulent Row in 
tubes having p/e = 10 transverse-rib roughness. 

Equation (1) is used to correlate the helical-rib data 
of the present study. The effect of the helix angle 
(geometrically non-similar parameter) is accounted for 
using a power law dependency. The helical-rib data of 
Fig. 3 are correlated by equation (l), and shown on 
Fig. 6. The Fig. 6 correlation is represented by 
equation (2). 

B(e + , a) = [J2/f + 2.5 In t2riD) 

t 3.751 (a/50)’ ” (2) 



Forced convection heat transfer in helically rib-roughened tubes 1131 

cr, 

I 
IO 50 100 
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FIG. 6. Correlation of friction data using Nikuradse’s Simi- 
larity Law [12]. 

Dipprey and Sabersky [ 131 developed a heat trans- 
fer similarity law, which is complimentary to 
Nikuradse’s friction similarity law. Their model is 
based on the heat-momentum transfer analogy applied 
to a two-region flow model. They assume a rough- 
ness influenced viscous wall region and a turbulent 
outer region that is insensitive to roughness. The heat- 
transfer characteristics of geometrically similar rough- 
ness types are accounted for by the friction similarity 
parameter B(e’). The data for Pr = constant are 
correlated in the form of g(e’,Pr) vs. e+ where g(e’, 
Pr) is defined by equation (3). To account for the 
Prandtl number dependency, one would use a power 
law correlation, g(e+) = g(e+)Pr” 

and 40, which are not geometrically similar to the p/e 
= 10 roughnesses. Using the appropriate B(e+) for the 
larger p/e roughnesses, the data for 10 < p/e < 40 were 
correlated by equation (3). This result was unexpected, 
since the different p/e values constitute geometric 
nonsimilarity. 

In the present study, the different helix angles 
constitute geometrically non-similar roughnesses. Fig- 
ure 7 shows the Fig. 4 air flow data (Pr = 0.71) 
correlated using the Dipprey and Sabersky corre- 
lation. The Fig. 7 correlation is represented by equa- 
tion (4), which includes a power law dependency to 
account for the helix angle. The B(e+, a) is given by 
equation (2). 

a(e+, Pr, cI) = 
fJ2St - 1 

[ m 
+ B(e+,cr)] & ’ 

( >’ 
(4) 

where 

j = 0.37 for c[ < 50” 

j = -0.16 for tl > 50 

Although different e/D values were not tested in the 
present study, equations (2) and (4) should predict f 
and St for arbitrary eJD values, since variation of efD 
maintains geometric similarity. 

Kader and Yaglom [ 141 also used a two-region flow 
model to develop a semi-empirical turbulent heat 
transfer correlation for two-dimensional roughness. 
The correlation, for the fully rough flow regime, was 
developed for two-dimensional roughness in general. 
Thus, it is applicable to a wide range of roughness 
shapes, area distributions and heights. Their cor- 
relation for air flow is given by equation (5). 

g(e+,Pr) =‘* + B(e+). (3) St = 5(e+)‘,4 
1.42Jf/2 

- 3 In(e/D) + 5.6 . (5) 

Dipprey and Sabersky [13] used equation (3) to 
correlate their ‘sand-grain’ roughness data (0.0024 < 
e/D c 0.049, 1.2 < Pr < 5.94, and Webb et al. (2) 
applied it to p/e = 10 transverse-rib roughness (0.01 < 
e/D < 0.04, 0.71 < Pr < 37.6). The data of both 
studies were correlated within f 10%. The Webb et al. 
study also included tranverse-rib spacings of p/e = 20 

- 4.5/(1 - e/D)’ + 9.5,/f/2 

I ’ 8”1” 1 
5: 

_ i 

.. 20 
j=0.37,a<50° 

d j=O.l6,0l >50° 
‘= 1 
3 

IO 50 100 

e+=e/D Re Jf/2 

FIG. 7. Correlation of heat-transfer data using Dipprey and 
Sabersky’s Heat Transfer Similarity Law [13]. 

Figure 8 shows the present results correlated by 
equation (5). The Kader and Yaglom correlation 
predicts the helical-rib data quite well. 

COMPARISON WITH OTHER STUDIES 

The transverse rib study (a = 90’) of Webb et al. [Z] 
examined a larger Reynolds number (6000-100 000 vs. 
6OOC-65 000), e/D (0.01-0.04 vs. O.Ol), and p/e (lo-40 
vs. 15) range than this investigation. To allow com- 
parison with the present work, the Webb et al. air flow 
data are compared in Fig. 9 with the correlation of this 
study. Agreement is good, with Webb’s data falling 
slightly below the data of this study fore+ > 25. A first 
impression suggests that the Webb data yields a higher 
Stanton number per unit friction. However, exam- 
ination of q vs. helix angle in Fig. 10 shows that this is 
not the case. 

Figure 11 shows the correlated air data of Han et al. 
[8] who worked with repeated-ribs at different angles 
of attack in a parallel plate geometry. These data have 
been corrected using the suggestions of Rehme [15]. 
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FIG. 8. Correlation of heat-transfer data using Kader and 
Yaglom correlation [14]. 
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FE. 9. Comparison of results with transverse-rib data of 
Webb et al. [2). 
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FIG. 11. Comparison ofresults with repeated-rib data of Han 
et <If. [8]. 

Again, agreement is quite good, with their data more 

scattered than the results of this study. 
Shown in Fig. 12 is the correlated air data of Molioy 

[16] and Nunner [17], who used transverse-ribs. The 

rib shapes tested are shown in the table on Fig. II. 

Their data are in excellent agreement with the present 
results. Figure 12 also compares the present results 
with those reported in Withers’ U.S. Patent [9] for air 
flow in an internal helical-ribbed tube (e/D = 0.01, p/r 
= 15 and c1 = 39”). Reference [9] gives data for only 
one Reynolds number and does not report the Prandtl 
number for the water flow tests. In a private com- 
munication [lS], J. Withers stated that their tests were 

performed with Pr = 2.8. We have assumed y(e”) x 
Pro.‘7 for the Withers data, as reported by Webb et ul. 

[2] for transverse-ribs. 
Because the Withers data constitutes the only 

published data on helically-ribbed tubes, it is interest- 
ing to compare the Stanton number and friction 
factors. Both tubes have identical e/D, p/e and X. The 
Withers tube has a rounded rib vs. the square rib for 
the present study. The comparison is shown in Table 1 
The Table shows the results are nearly identical. It 

further suggests that the rounded rib shape favored by 
Withers does not significantly affect the performance. 
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0.4 ’ 0 30 50 70 90 
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FIG. 10. Efficiency index vs. helix angle. 



Forced convection heat transfer in helically rib-roughened tubes 1133 

Table 1. Comparison of Withers’ data with the present 
results 

Withers [9] 
This study 

(interpolated for a: = 39”) 

St = 0.00389 St = 0.00392 
f= 0.00850 f = 0.00890 
W/f = 0.91 29/f = 0.88 

ForRe = 35000andPr = 0.71 (e/D = O.Ol,p/e = 15anda 
= 39”). 

,” - t j@NUNNER,0.04 201 1 
. 
3 
I’ 3- 

a 
is I I III, 

3 IO 50 100 

e+=e/D Re Jf/2 

FIG. 12. Comparison of results with Molloy [16], Nunner 
[17] and Withers [9]. 

APPLICATION TO HEAT EXCHANGERS 

A given roughness will not yield a uniformly high 
efficiency index when operated over a wide Reynolds 
number range. This is illustrated in Fig. 14 which 
shows q vs. e+, which is drawn with Re = Re,. This 
figure shows that q decreases with increasing rough- 
ness Reynolds number (e+). Conversely, Fig. 13 
shows that St/St, increases with increasing e+, and 
starts to level-off at e+ 1 20. These considerations 
suggest that the preferred operating condition is 
approximately e+ = 20. Figure 10 and 14 clearly show 
that the maximum q is obtained with the 49” helix 
angle. Operated at e+ = 20, the 49” helix angle tube 
gives St/St, = 1.4 with q = 0.90. 

The friction and heat transfer correlations are valid 
for geometrically similar roughnesses. Therefore, the 
present results for e/D = 0.01 may be interpreted for 
other e/D values at constant p/e and u. Assume a design 
requires operation at Re = 62 500. Using the recom- 
mended design condition e+ = 20, we may calculate 
therequired e/D. For CL = 49” ate+ = 20, B(e+) = 8.55 
and e+ = 20 = (e/D)ReJf/2. Using these values in 
equation (l), we obtain e/D = 0.005. This example 

clearly shows the preferred roughness size varies with 
Reynolds number. 

Webb and Eckert [4] discuss three basic heat 
exchanger applications for internally rough surfaces. 
The design objectives are stated relative to a heat 
exchanger having smooth inner tube surfaces operat- 
ing at fixed total flow rate and entering fluid con- 
ditions. The three design objectives are: 

1:: 
3 IO 50 IC 

e+=e/D Re b%?- 

,O 

FIG. 13. St/St, vs. e+. 

1. Reduced tube material for equal pumping power 
and heat duty (P/P, = Q/Q, = 1). 
2. Increased UA for equal pumping power and heat 
exchange surface area (P/P, = A/A, = 1). A higher 
UA may be used to obtain increased heat duty or to 
secure reduced mean temperature difference. 
3. Reduced pumping power for equal heat duty and 
surface area (Q/Q, = A/A, = 1). 
The design advantage offered by helical-rib tubing 

will be calculated for each design objective, assuming 
fixed tube diameter and prescribed wall temperature 
(all of the thermal resistance is on the tube side). 

The relative heat conductance (K/K, = hA/h,A,) of 
the rough and smooth tube exchangers is 

K St A G 

K,=st,‘A,‘g’ 

The corresponding friction power ratio is 

(7) 

It may be necessary to operate the rough tube at a 
lower velocity than the smooth tube to obtain equal 
friction power. This may be accomplished by increas- 
ing the number of rough tubes in parallel (N) since 
N/N, = GJG. Eliminating G/G, from equations (6) 
and (7) gives 

UK, stpt, 

(P/Ps)1’3 (A/A,)2’3 = o”3 ’ 
(8) 

1 

I I11,11 

4 IO 50 100 

e+=e/D Re Jf/2 

FIG. 14. Efficiency index (q) vs. e+. 
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Equation (8) provides an expression containing the 
parameters K/K,, P/P,, and A/A, defined in terms of 
f/fs and St/St,. Two of these parameters are set equal to 
the value 1.0 and the remaining parameter is expressed 
in terms of a Stanton-friction factor ratio. Figure 1.5 
shows A/A, vs. e’ for the data of this study, and Figs. 
16 and 17 for K/K, and P/P,, respectively. The 49” 
helical ribs provide the highest performance. At the 
recommended operating condition of e+ = 20, the 49” 
helix angle will: 

1. Reduce heat exchange surface area by approx- 
imately 25%. 
2. Increase heat conductance by approximately 
27%. 
3. Reduce pumping power by approximately 50%. 

Bergles et al. [19] developed similar performance 
evaluation criteria for enhanced heat-transfer surfaces. 
However, several of their proposed performance crite- 
ria involve a reduction of rough-tube mass flow rate. It 
is difficult to obtain a significant performance im- 
provement ifthe exchanger flow rate is reduced. This is 
because the exchanger must operate at a greater 
thermal effectiveness. Hence, the rough tube must 
provide additional hA to compensate for the increased 
thermal effectiveness. 

CONCLUSIONS 

1. This study clearly establishes that helical rib- 
roughness yields greater heat transfer per unit friction 
than transverse rib-roughness. The preferred helix 
angle is approximately 49”. 

2. The data are correlated using models previously 
developed by Nikuradse, and Dipprey and Sabersky. 
The Kader and Yaglom correlation also provides good 
results. 

3. Analysis of the correlated results establishes a 
preferred operating condition of e+ N 20. This 
provides high heat-transfer performance with mini- 
mum friction penalty. 

4. Performance evaluation criteria are employed to 
demonstrate the performance benefits offered for three 
heat exchanger applications.. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
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CONVECTION THERMIQUE FORCEE DANS DES TUBES RUGUEUX 
AVEC ARETE HELICOIDALE 

RCum&-On prtsente une etude experimentale sur la convection for&e monophasique dans un tube 
circulaire contenant une rugosite bidimensionnelle. C’est une mise au point sur l’effet de I’angle de l’arbte 
htlico’idale. Bien que des etudes aient propose que des angles de I’helice inferieurs a 90” donnent un meilleur 
transfert de chaleur vis-a-vis de la puissance de pompage, aucun resultat n’a eti fourni pour les tcoulements 
dans les tubes circulaires. On donne ici les caracteristiques du transfert thermique et du frottement pour un 
Ccoulement d’air avec trois angles d’hdhce (30,49 et 70’), avec pour tous un rapport pas- hauteur de 15. 
L’angle d’htlice prefere est approximativement 45’. Les donnees sont presentees de facon a permettre une 
prediction de performance avec une rugosite relative (e/D) quelconque. Les benefices de la rugositt pour des 

applications aux tchangeurs de chaleur sont quantitativement etablis. 

WARMEUBERTRAGUNG DURCH ERZWUNGENE KONVEKTION IN 
SPIRALRIPPENFORMIG AUFGERAUHTEN ROHREN 

Zusammenfassung-Diese Arbeit liefert experimentelle Informationen iiber einphasige erzwungene Kon- 
vektion in einem Kreisrohr, das mit zweidimensionaler Rippenrauhigkeit versehen ist. Sie erweitert den 
derzeitigen Wissensstand urn die Untersuchung des Einflusses der Steigung der Rippenspirale. Obwohl aus 
friiheren Untersuchungen bekannt ist, da0 Spiralwinkel von weniger als 90” besseren Wlrmeiibergang pro 
Einheit der Pumpenleistung bewirken, ist iiber keine Versuchsergebnisse fiir die Stromung in Kreisrohren 
berichtet worden. In der vorliegenden Arbeit werden fur Luftstromung mit drei Spiralwinkeln (30, 49 und 
70”), bei denen das Teilungs-Hohenverhaltnis jeweils 15 war, die Warmeiibergangs- und Reibungscharakte- 
ristiken angegeben. Der bevorzugte Steigungswinkel ist angenlhert 45”. Die Daten sind in einer Form 
korreliert worden, die Leistungsberechnungen bei beliebigen relativen RauhigkeitsgroRen (e/D) ermiiglicht. 

Die Vorteile der Rauhigkeit fur die Anwendung in Warmeiibertragern werden quantitative bestimmt. 

TEIIJIOIIEPEHOC BbIHYTAEHHOH KOHBEKHHEH B TPY6AX CO 
CfIAPAJIbHO-PEBPHCTOti IIIEPOXOBATOCTbIO 

huioTauwa- npOBeneH0 3KCnepNMeHTanbHOe BCCnellOBaHBe OflHO@a3HO8 BbIHyx&eHHOfi KOHBeKqWH 

B KpyNIOfi Tpy6e C nByXMepHOii pe6pUCTOii "IepOXOBaTOCTbH,. n0 CpaBHeHHto C pariee npOBOfl&i~- 

IlIUMUCIl HCCneAOBaHWXMH yWTblBanOCb BJlliRHBe )'I-JIa HaKJlOHa pe6pa CINipaJlH. XOTR B IIPe%HESX 

pa6orax OrMeqanocb, 9~0 npu yrnax naknona, Menbmax 90 , nonyralo-rcn 6onee BbIcoKWe 3ttaqeHw 
aenmtmtbl rennoaoro noroza Ha enawiuy MOW~CTH, saTpawBaeh4oFi Ha nporarry, onHaK0 ~TW 

EiccnenOBaHHR He KaCanHCb TeqeHHR B Kpyrnbtx rpy6ax. B naHHOfi pa6ore npencTaBneabI flawible no 

Tennoo6MeHy H T~ZHHW npH TeqeHwi Bosnyxa B rpy6ax c opera yrnaMH naxnona pe6pa cnnpanu 
(30, 49 A 70 ) npti OTHOUEHWH Ulal-ii pe6pa K BblCOTe, paBHOM 1.5. HaeGonee OIITHManbHbIM 

RBnlleTCR YrOJl B 45 Pe3ynbTaTbl o606ueHbr TaKEIM 06pa3OM, qTO6bI pa6owe XapaKTepElCTHKB 

MOrnA 6bITb OnpefleneHbl FipH nio6ow JHSL'IeHAA OTHOCHTeJIbHOi? LIlepOXOBaTOCTH (e/D). flaHa KOJIH- 

'SeCTBeHHaR OtteHKa BJlURHna mepOXOBaTocTn nOBepXHocTeti Telln006MeHHWKOB. 


