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Isothermal pressure drop experiments were carried out for the steady Newtonian
fluid flow in Archimedean spiral tube with transverse corrugations. Pressure
drop correlations and stability criteria for distinguishing the flow regimes have
been obtained in a continuous Reynolds number range from 150-15000. The
characterizing geometrical groups which take into account all the geometrical
parameters of Archimedean spiral and corrugated pipe has been acquired. Be-
fore performing experiments over the Archimedean spiral, the corrugated
straight pipe having high relative roughness e/d = 0.129 of approximately sinus-
oidal type was tested in order to obtain correlations for the Darcy friction factor.
Insight into the magnitude of pressure loss in the proposed geometry of spiral so-
lar receiver for different flow rates is important because of its effect upon the ef-
ficiency of the receiver. Although flow in spiral and corrugated geometries has
the advantages of compactness and high heat transfer rates, the disadvantage of
greater pressure drops makes hydrodynamic studies relevant.
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Introduction

Significant effort has been made to advance heat transfer enhancement techniques in
order to improve the overall performance of heat exchangers. Flow through curved channel
geometries has advantages over the conventional straight channel under certain situations and
applications. The presence of superimposed secondary flows in curved channel flow causes
various substantial features, such as: (a) the increased heat and mass transfer coefficients due
to cross-sectional mixing of fluid elements, (b) secondary convection suppresses the axial
propagation of initial turbulent fluctuations, so that the curvature stabilizes the flow and tran-
sition from laminar to turbulent flow is delayed, and (c) frictional losses in the fluid stream
are enhanced.

Most of the hydrodynamic studies on the coil flows have been dedicated to the heli-
cal coils. Much less work has been reported for the hydrodynamics of flow through spiral
coils. The property of continuously varying curvature along the length makes spiral coil flows
never fully developed, unlike the helical coil flows. Secondly, the distinction of flow regime
needs specification of two critical Reynolds numbers instead of just one [1]. In a spiral coil
completely filled with laminar flow slow increase of Reynolds number causes the appearance
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of the turbulent flow zone at the outer end at the approach of the first critical Reynolds num-
ber. Further increase of Reynolds number extends turbulent flow zone toward the inner end of
the coil until it completely fills the coil with turbulent flow at the second critical Reynolds
number. Moreover, there is a possibility of existence of mixed flow inside the spiral coil,
where some length of the coil being in the laminar flow and some other length in the turbulent
flow. Consequently, the phenomena of the forward and the reverse laminar-turbulent transi-
tion can occur in the spiral coil.

Naphon and Wongwises [2] have reviewed the literature for three main categories of
curved tubes: helically coiled tubes, spirally coiled tubes, and others curved tube arrange-
ments. They concluded that there are very few published studies on the spiral coils where the
curvature ratio variation (d/D,) is below 0.1, where d is tube diameter and D, is the diameter
of curvature. Naphon and Wongwises [3] experimentally studied hydrodynamic characteris-
tics of spiral coils having curvature ratio (d/D.) variation of 0.067-0.24, and compared ob-
tained results with helical coils. Naphon and Suwagrai [4] studied experimentally and numeri-
cally effect of curvature ratios on the heat transfer and flow development in the spirally coiled
tubes. They stated that the Nusselt number and pressure drop obtained from the spirally coiled
tube are 1.49 and 1.50 times higher than those from the straight tube, respectively, under con-
stant wall temperature boundary condition.

Yoo et al. [5] numerically studied spiral coils of six turns with exponentially in-
creasing radius of curvature with the polar angle. They concluded that the effect of Reynolds
number was stronger than that of the curvature. Bowman and Park [6] numerically investigat-
ed laminar flow pressure drop and heat transfer characteristics of coiled systems. They have
found that up to 10% of the additional pressure drop and 40% of the enhanced heat transfer
characteristics were obtained from the spiral coil system over the toroidal. Altac and Altun [7]
investigated numerically the convection heat transfer and the laminar friction losses in com-
bined entry region of horizontal spiral tube coils. They summarized that the friction factor in-
creases with the spiral tube length. However, for spiral coils of more than four turns or spiral
coils of sufficient length, the normalized friction factor decreases. The normalized friction
factor increases by as much as 2.5 times for coils of small radius of curvatures.

All studies cited above evaluate hydrodynamic behavior in smooth curved tubes, and
no study examining spiral coil flow in rough pipes has been found in the open literature.

Tube side heat transfer enhancement techniques can be classified according to the
following criteria: (a) incorporation of additional devices into a plain round tube (twisted
tapes, wire coils) and (b) surface modification of a plain tube (corrugated, dimpled, and inter-
nally finned tubes). Transversal corrugations act as turbulence promoters, since flow turbu-
lence level is increased by a separation and reattachment mechanism. Besides, corrugations
act as roughness elements and disturb the existing laminar sublayer.

Perry et al. [8] studied the turbulent boundary layer over a wall roughened by trans-
verse ribs and proposed dividing the roughness into two types, d type and k type, according to
the significant length scale involved in determining the roughness function, velocity profiles
and friction factor (k being the roughness height and d being the pipe diameter). Tani [9] sug-
gested that for roughness consisting of regularly spaced ribs, a borderline between the d type
and k type roughness might be drawn at about p/k = 5, where p is the pitch between contigu-
ous roughness elements. On a d type rough wall, typified by closely spaced span wise ribs
with p/k less than 5, vortices are setup in the grooves and eddy shedding from the elements in-
to the flow will be negligible, and the outer flow is relatively undisturbed by the roughness el-
ements. The friction factor and the roughness function are independent of the size of the
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roughness element, but the drag on the roughness elements is extremely sensitive to vertical
misalignment of the element crests. Jaiman et al. [10] and Pisarenko et al. [11] numerically
investigated transversely corrugated pipes, but investigations were limited to pipes of large in-
ternal diameter, d, having low relative roughness e/d. Vijiapurapu and Cui [12] simulated the
turbulent flow in a ribbed pipe using large eddy simulation and concluded that no valid rela-
tion between friction factor, equivalent sand grain roughness, ¢, and corrugation depth, e, can
be established from the results obtained. Bernhard and Hsieh [13] investigated two corrugated
plastic pipes using water in the Re = 10*-2.5-10° range, and found that at the Reynolds num-
ber below 410" the friction factor stays nearly constant, and above it starts to rise. They sug-
gested that the increase of the friction factor at large Reynolds numbers was caused by pene-
tration of the flow from the core region into the corrugation recesses. Taylor at al. [14] re-
viewed effects of surface roughness and texture on fluid flow, with special reference to struc-
tured roughness surfaces. They concluded that in order to develop accurate friction factor pre-
dictive models, experimental data is needed in the laminar, transition and turbulent flow with
uniform relative surface roughness values beyond 0.05.

From the cited papers can be concluded
that there is a lack of data concerning friction
factor for a range of geometrical parameters
and Reynolds number for transversely corru-
gated straight pipes having large relative
roughness, e/d. Moreover, no reference con-
cerning hydrodynamic in spiral tube coils with
transverse corrugations was found.

Figure 1. Profile of transverse corrugated pipe
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Table 1. Geometrical parameters of tested configurations

Transversely corrugated straight pipe Transversely corrugated Archimedean spiral coil
d 9.3 | [mm] | minimum internal diameter d 9.3 [mm] | minimum internal diameter
dy 11.7 |[mm] | maximum internal diameter | d, 11.7 | [mm] | maximum internal diameter
d, 12.2 | [mm] | maximum external diameter | d, 12.2 | [mm] | maximum external diameter
S 0.25 | [mm] wall thickness e 1.2 [mm] corrugation depth
e 1.2 | [mm] corrugation depth e/d | 0.1290 | [-] relative roughness
e/d |0.1290 | [-] relative roughness De 4.2 [mm] corrugation pitch
De 4.2 | [mm] corrugation pitch Ds 13.6 | [mm] spiral coil pitch
L. 2 [m] length of tested section Le. | 9.324 | [m] length of the coil
L. 0.5 [m] length of entrance section e 0.5 [m] length of entrance section
Rin 25 [mm] | minimum radius of the coil
Ryax | 202 | [mm] | maximum radius of the coil
n 13 -1 number of coil turns

drops higher than 20 kPa). In both experimental set-ups, the lengths of straight tubing of the
entrance and exit sections before and after PT, were corrugated pipes of the same length, L,
and longer than required to obtain a fully developed flow prior to entering the test sections
(having lengths L. and Ly..). In the case of spiral coil there were additional lengths of straight
tubing L. to the PT (fig. 3). The measured pressure drops owing to these lengths were sub-
tracted from each run at each Reynolds number to give only the pressure drops owing to the
coiled part. The spiral was fed through the innermost and outermost turn for the full flow rate
range in order to assess the uniqueness of hydrodynamics. All measurements were repeated
three times and mean values used.

Properties of water were determined from the approximating formulas based on the
IAPWS formulation 1995 for the thermodynamic properties of ordinary water substance for
general and scientific use [16]:
— density

p(#)=1001.1 —0.0867¢ — 0.0035¢ > (1)
— dynamic viscosity
wW(T)=1.684-10"—4.264-10°T+5.062:10'T> - 2.244-10°T" ()
The uncertainty of the measurements of friction factor were calculated according to
Kline and McClintock [17] method. It varies from about 4% at high Reynolds numbers to

about 8% at low Reynolds numbers. The uncertainty of measurements of low pressure drop
was the primary source of the uncertainty of the friction factor at low Reynolds numbers.

Results and discussion

Transversely corrugated straight pipe

The transversal axisymmetric corrugations of the pipe under the study belong to the
pipes having regular roughness of sinusoidal or U type [18]. The main geometrical parameters
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characterizing the transversely corrugated pipes are: minimum internal diameter d, maximum
internal diameter d,,, corrugation depth e = (d, — d)/2, and corrugation pitch p..

Isothermal pressure drop experiments were carried out by employing water in order
to determine Darcy friction factor, f, for corrugated straight pipe by the formula of Darcy-
-Weisbach:

i_sz

Ap =
pfd2

3)
where L;. is the length of the pipe, V' — the mean axial velocity, and p — the density of fluid.
The loss coefficient, K, due to surface friction (analogous to the loss coefficient due to local
loss) is expressed:

Ko=f o 4

The minimum internal diameter of the corrugated pipe d is used in the data reduction
as the characteristic length to evaluate the Re = Vdp/u and friction factor . This is in accord-
ance with the assumption of boundary-layer flow on a d #ype rough wall [8]. Kandlikar e? al.
[19] considered the effect of flow constriction due to roughness elements and suggested that
the constricted flow diameter (minimum diameter) should be taken in the Reynolds number
and the friction factors calculations.

Grouping the variables of the Reynolds number in the Hagen-Poiseuille law and
grouping the remaining variables as in Darcy-Weisbach’s equation yields the following for-
mula for laminar friction factor:

64
=" 5
A Re )
Colebrook [20] proposed an empirical implicit combination of the Prandtl and von
Karman formulas that modeled very accurately artificially roughened pipes with non-uniform
sand grains and duplicated very well the behavior of commercial pipes:

1 e 2.51
ﬁ=—2 logyg (—3.70,0 +—Re\/7J (6)

A composite plot of all regions of interest for presentation of the friction factor in a
suitable form for engineering use was developed by Moody [21], and this diagram demon-
strated applicability of the Colebrook-White equation over a wide range of Reynolds numbers
and relative roughness. The highest value of relative roughness covered by Colebrook-White
equation and the Moody diagram is 0.05, and their applicability to the higher relative rough-
ness values cannot be ascertained.

Great number of implicit and explicit correlations evaluate the single-phase friction
factor against the Nikuradse equation and the Colebrook equation, but it still remains an issue
to examine similarities and differences between them to avoid misusing [22]. However, their
applications are limited to the maximum value of relative roughness of 0.05.

Correlations proposed in literature covering all flow regimes (laminar, critical, tran-
sition, and fully turbulent) and any relative roughness are:

— Churchill’s formula [23]
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— Modified Churchill’s formula [24]

(®)

64 12 i 1/12 1
f= (_j +————5| . A=[086871In =5 ,
Re (A+B) 0.883(In Re) ™ N 0.27¢ 110e
Rel.007 dO Re dO
16
B ( 13269 )
Re
— Chen [25]
5.0452 1 M5 8506
e . e .
—=-2log - log - t 08981 ©)
Jr 3.7065d,  Re 2.8257 { d, Re™

Previusly cited correlations failed to represent our experimental data, what is shown
on fig 4. These correlations have close trends to Colebrook-White equation, and over predict
value of friction factor in all flow regimes, even though in the fully rough.

Experimental data (fig. 4) show that the
friction factor follows the Hagen-Poiseuille law

+ Experimental
x . CRSeSRB0] e/dy = 0.1026 ‘ o .
= Ghurohil | ]]/e 20,1026 up to the critical Reynolds number, then rise
s+ Churchill modif. [344 e/dp = 0.1026 ) .
0.16 = Chen [25] o/ = 0 028" abruptly at the critical zone, followed it down
foc B et TP 4 [ for a range of Reynolds numbers in transition
XX 000 % . . ..
..'..m‘“[mw %ﬁ *li!ll!mg zone, then rise up again to meet the friction fac-
0.08 | I i i tor for turbulent flow in fully rough zone. This
e inflectional behavior in the transition zone is
S not characteristic for commercial pipes that rep-
0.25 . .
0.04 33184/Re resent model of non-uniform sand grains
" 400 4000 8000 12000  roughness of Colebrook [20]. On the other
e

hand, experimental data for the corrugated pipe
Figure 4. Friction factor vs. Reynolds number duplicates very well value trends of Niku-
for tested corrugated straight pipe radse’s results for artificially roughened pipes

with uniform sand-grains. Inflection in the tran-
sition zone could be explained with the Prandtl’s boundary layer theory, which states that
there is always a laminar flow boundary layer that thins as Reynolds number increases. Lami-
nar flow breaks up into a turbulent core and a laminar boundary layer next to the pipe wall in
the critical zone. The elements of uniform roughness in corrugated pipes remain submerged in
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the boundary layer and are hidden to the turbulent core flow. The friction factor in critical
zone has close rising trend to that in smooth pipe. Further increase of Reynolds number caus-
es the boundary layer thinning until the corrugations begin to emerge, what in turn shifts the
friction factor from the smooth pipe behavior to the rough pipe behavior. Discussion regard-
ing the onset of rough-wall behavior needs to consider the transitional properties for a particu-
lar rough surface, since it depends critically on the geometric nature of the roughness.

For examined corrugated straight pipe the characteristic flow zones were defined:
laminar when Re < 1300, critical when 1300 < Re < 1600, transition 1600 < Re < 4000, and
rough (turbulent) when 4000 < Re (fig. 4).

Experimental values of friction factor were correlated vs. Reynolds number for char-
acteristic flow regimes and following equations were acquired:

— laminar zone

Jse = % (10)
— critical zone
fie =0.0045 0% Re (11)
— transition zone
fie =0.0942 (6-10° Re*~6-107° Re +1.081) (12)
— rough zone
fie =0.0942 (13)

The maximum absolute deviations of the obtained least-square predictions are 7% in
the laminar, 4% in the critical, 5% in the transition, and 3% in the turbulent flow region.

Transversely corrugated Archimedean
spiral coil

The radius of curvature is not constant and a constant pitch, ps, between any two spi-
ral turns is always assured. The Darcy friction factor and loss coefficient are defined as for a
straight tube, eqs. (3) and (4), although eq. (3) is questionable on theoretical grounds when
applied to developing flow.

Published work on the hydrodynamics of flow through constant pitch spiral tube
coils is scarce. Existing correlations are valid for smooth tubes only and they are not applica-
ble to rough pipes. The referent correlations for friction factor in engineering practice are pro-
posed by Kubair and Kuloor [26]:

2 0.3
faes = 50.96[L d J Re ™, 300 <Re< 7000 (14)
0.9
fios =0.316 Re 5 +0.41 [ij : Re > 7000 (15)
av

where d is inside tube diameter, D,, — the average coil diameter, and Ly — the length of
smooth spiral coil. Those equations are neither complete nor unique, since they use the arith-
metic average of the innermost and outermost diameters that could be the same for geometri-
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cally different coils. To specify uniquely the spiral coil, except the inside tube diameter d,
three of the following variables are necessary: the maximum radius, the minimum radius, the
number of turns #, the length of the coil, L, and/or distance between two consecutive turns of
the coil, p,. These parameters are shown in fig. 3.

The use of friction factor in correlations is inappropriate since the spiral flow is nev-
er fully developed and the magnitude of the pressure drop per unit length is not independent
of the position along the axial length. It is expected that the pressure drop per unit length of
the coil will be more in the inner turns than in the outer turns. Finally, secondary flows in a
spiral coil hinder the use of static PT in the curved regions and the data based on observations
of Kubair and Kuloor [26] could contain unknown errors.

Rennels and Hudson [27] proposed correlation for loss coefficient that contains all
previusly mentioned parametars:

KSCS :w{f‘ssn(]emax;]zmin j+020+48f;si|+ 132]‘85

Rmin ’
d

where f; is the friction factor for straight pipe, and Ry« and R, are maximum and minimum
spiral coil radii, respectively. Although this correlation takes into account the friction factor,
results obtained substituting the values of friction factor for straight corrugated pipe, egs.
(10)-(13), significantly mismatch even the value trends of experimental data.

Accounting for the effects of all geometrical parameters of the Archimedean spiral
coils, Ali and Seshadri [1] have correlated their pressure drop experimental data:
— laminar flow (Re < 6000)

(16)

APscs dl/2 de o
o | R SR =49 e (17)
ax 1n
— turbulent flow (Re > 10000)
1/2 18
APSCSz { 74 rd 3/4} 065(6”/ ] (18)
207" | Rinax (Ripax = Rigin) H
. Those correlations were obtained for
S__ 5 = Experimental (Inlet Ry4y) . . .
ol< 4 * Experimental (Inlet Ry; smooth splral coils and, as expected, mismatch
— 3 + Alland Seshadi 1] (STiooth pipe) (. experimental data (fig. 5). In order to corre-
Ej; 2 late pressure, drop experimental data for trans-
< g S ooas  Vversely corrugated Archimedean spiral coil, the
= Ié VR Ees geometric group given in egs. (17) and (18) was
<lef ceeser™ = amended with geometric parameters that define
3x y=3, 8307331‘0 85 o261 corrugateq pipe — corrugation depth e and cor-
£ ¥ rugation pitch p.. Producg of the half of the Eu-
o 04 ler number (Eu = AP/pV”) and newly proposed
/g 100 1000 Re 10000 geometric group was plotted vs. Reynolds

number on log-log paper (fig. 5).
Each experimental data graph, whether it
represents inflow to outermost or innermost

Figure 5. Generalized pressure drop
correlations for transversely corrugated
Archimedean spiral tube coil
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spiral turn, has a sharp break giving two lines for the two main flow regimes. The best fit lines
obtained by least squares analysis of the points are:

Inflow to outermost spiral turn:
— laminar flow (Re < 2100)

1/4
/2| €
pd (J -0.63
APscs2 — P = =34.83 (dV_p] (19)
2:0 v Rm/ax (Rmax - Rmin) / H
— turbulent flow (2100 < Re < 15000)
1/4 7
/2| €
psd (J 0.241
M| L) | 04 (_de ] (20)
2pV Rrr{ax (Rmax - Rmin ) / H
Inflow to innermost spiral turn
— laminar flow (Re < 3500):
1/4
2| €
pd [] -0.6
Mo | \Pe) :38.74(—dej 21)
2 P V Rm/ax (Rmax - Rmin ) / H
— turbulent flow (3500 < Re < 15000)
1/4
12| €
pd [j 0.261
Mo | et <002 £22] @)
2 % V Rmax (Rmax - Rmin) H

The maximum deviation of the predictions in the laminar flow region is 7% and that
in the turbulent flow region is 5%.

Stability criteria

The critical Reynolds numbers for both inflow cases can be located in fig. 5 as the
break points on the straight correlation lines. It is obvious that critical Reynolds number is not
only a function of the geometrical parameters of a spiral, but also depends on the direction of flu-
id flow. When fluid enters the coil from outside, the initial straight tube turbulence in the feed
line gets damped out in the inner turns as the intensity of secondary circulation increases and on-
ly one transition takes place. In the other case, when fluid enters the coil from inside, the initial
straight-tube turbulence in the feed line is damped out in the innermost turns and, as the intensity
of secondary circulation decreases in the outer turns, forward transition takes place. This indicat-
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ing that transition lengths for the forward and reverse transitions are not the same, what differs
from previous findings of Ali and Seshadri [1], who stated that there were no changes in the
pressure drop measurements, whether the spiral was fed on the inside or the outside.

The method of White [28] and Adler [29],

3 “inlet Ry, | originally proposed for curved pipes, was used
3 ® Inlet Renin for the location of critical Reynolds numbers.
Sh . This originally consists of plotting the ratio AP-
5? 2 HL sec/ APs., vs. Reynolds number, where APg.. and

A . APy are the pressure drops at the same Reyn-

*a olds number in a corrugated spiral coil and a

. Ay A .‘.ﬁ corrugated straight tube, respectively, of equal

N i “;E—}Z’: - length and cross-sectional diameter. In this case

* Wl T s{} o the ratio K../Ks. vs. Reynolds number was plot-

1 RdLll ted (fig. 6), where loss coefficient for straight
100 1000 Re 10000 tube was calculated from egs. (10)-(13).

There are two critical Reynolds numbers
in a particular spiral, one where turbulence has
set only in the outer turns with lowest curvature
ratio (corresponds to first break points in
fig. 6), and the other, when the inertia forces, even in the innermost turns with highest curva-
ture ratio, are sufficient to overcome the damping effect of the secondary flows (corresponds
to second break points in fig. 6). Hence, the first break corresponds to laminar flow every-
where except in a small region in the outer turns and the second break corresponds to the flow
becoming turbulent everywhere. At the approach of the first critical Reynolds number turbu-
lence appears at the maximum radius point of the coil, and spreads to greater length with the
further increase in Reynolds number. The first critical Reynolds number in corrugated Archi-
medean spiral, whether it was fed on the inside or the outside, corresponds to the value of the
critical Reynolds number in straight corrugated tube (Re = 1300), and remains unaffected by
the direction of the flow. The second critical Reynolds number is obtained by adding corruga-
tion parameters, corrugation depth, and corrugation pitch, to corresponding equation of Ali
and Seshadri [1]:

— inflow to outermost spiral turn

Figure 6. Prediction of critical Reynolds
numbers

Rescc crit] — Resc crit — 1300 (23)
d 0.17 0.1
Rescc critll — Resc crit 1+6.25 [_j (&J (ij (24)
Rmin Rmin Pe
— inflow to innermost spiral turn

Rescc crit] — Resc crit — 1300 (25)

d 0.17 0.1 0.6
Rescc critll = Resc crit 1+6.25| — & i (26)

Rmin Rmin Dc

Equations (23)-(26) are applicable for flows in Archimedean spiral coils with rough
walls of the d type, typified by closely spaced spanwise ribs with p/k less than 5. They cannot
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be compared with other equations because, to the best of our knowledge, this has not been re-
ported before. Numerical verification could be very demanding in considered complex geom-
etry, while further experimental verification implies consideration of the whole geometric
family of corrugated pipes.

Conclusions

Applications of curved channel and rough surface flow geometries demand the ex-
perimental evaluation of the pressure losses. Investigated straight corrugated pipe, before
bending it into spiral, characterized by closely spaced narrow lateral grooves of d type, be-
haves as a smooth tube at low Reynolds numbers. Corrugations accelerate transition to critical
Reynolds numbers down to 1300. The distribution of the friction factor f'vs. Reynolds number
in the critical and transition regimes duplicates value trends of Nikuradse’s results for artifi-
cially roughened pipes with uniform sand grains, while in the fully rough regime, at higher
Reynolds numbers, friction factor tends asymptotically to some constant value. The validity
of obtained correlations for the friction factor in straight corrugated pipe can be guaranteed
only for pipes having geometric similarity with specified geometrical configuration.

The pressure drop measurements show that the hydrodynamics of the Archimedean
spiral tube with transverse corrugations depends on the direction of the flow. In the laminar
and transition flow regime, an innermost fed spiral shows higher pressure drops than the
outermost fed spiral, but in the turbulent flow regimes, the reverse is true. This is probably
due to the influence of inertial forces on developing complex secondary flow in such geome-
try. In turbulent flow regimes, pressure loss monotonically increases with increase of Reyn-
olds number. The coiling effect factor, APy /APy, shows that the first critical Reynolds num-
ber remains unaffected by the direction of the flow and equals the critical Reynolds number of
the straight corrugated pipe, while the second critical Reynolds number depends on the direc-
tion of the flow through the spiral coil. The pressure drop change with the direction of the
flow in the transition region indicates that the transition lengths for the forward and reverse
transition are not the same. The characterizing geometrical groups which take into account all
the geometrical parameters of Archimedean spiral and corrugated pipe has been obtained.
Modifications of the coefficients and powers of amended equations for Archimedean spiral
smooth tube give satisfactory correlations.
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Nomenclature
D,, — average spiral coil diameter fs. — Darcy friction factor for straight
[= (Dmint Dinax)/2], [m] corrugated tube, [—]
d — minimum internal diameter, [m m] fses — Darcy friction factor for smooth
d. — maximum external diameter, [mm] spiral coil, [-]
d, —maximum internal diameter, [mm] fss — Darcy friction factor for straight
Eu — Euler number (= AP/pV?), [-] smooth tube, [-]
e —corrugation depth [e = (d, — d)/2], [mm] K —loss coefficient, []
f —Darcy friction factor, [] K. —loss coefficient of corrugated straight

tube, [-]
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K. —loss coefficient of corrugated spiral AP — pressure drop in smooth spiral coil,
coil, [-] [Pa]
K. —loss coefficient of smooth spiral coil, [-] Re — Reynolds number (=Vd p/u), [-]
k — roughness height, [mm] Reg . i — critical Reynolds number of the
L.  —length of entrance and exit sections, [m] corrugated straight tube, [—]
Ly, —length of tested section of corrug. Reg orit1 — first critical Reynolds number of
straight pipe, [m] the corrugated spiral coil, []
Ly, —length of tested section of corrugated Regec orit 1 — second critical Reynolds number of
spiral coil, [m] the corrugated spiral coil, []
Ly —length of smooth spiral coil, [m] Rinax — maximum radius of spiral coil, [mm]
n — number of coil turns, [—] Riin — minimum radius of coil, [mm]
P — pitch, [mm] S — wall thickness, [mm]
pe  — corrugation pitch, [mm] T — thermodynamic temperature, [K]
ps  —spiral coil pitch, [mm] t — temperature, [°C]
APy, — pressure drop in corrugated straight 14 — mean axial velocity, [ms™']
tube, [Pa] Greek symbols
APy, — pressure drop in corrugated spiral
coil, [Pa] u — dynamic viscosity, [Pa‘s]
p — density of fluid, [kgm™]
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