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ABSTRACT

The purpose of this study was to begin an investigation of the
pressure dropvim flow through helical coilse In general, the proced-
ure followed was to define the governing paremeters and then %o isolete
the effect of each on the pressure drope. The pressure drop was assumed
to depend upon the length of the tube, the inside diesmeter of the tube,
the diameter of the helix, the roughness of the inside of the tube,
and Reynolds number. Variation of pressure drop with change in diem=
eter of the tube was not investigateda Five different lengths of
plastic tubing were tested separately on five helices of different diam-
eters at Reynelds‘numbers from 3,000 to 100,000 to study the effects of
length and helix dismeter. Twelve steel ecils of aifferent ingide roughe
nesses were tested over the same Reynolds number range to obtain the
effect of roughness on pressure drope

The results of the in?estigation indicated that pressure drop
in a helical coil is linearly dependent on length, is only slightly
affected by roughness, and is a function of bobth Reynolds number and
diemeter of helix as indieated in the attached ecurves. These conclusiocuns,

of course, hold only for the limited field covered by the investigation.
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STMBOLS

Inside diameter of test tubing, e

Mean diemeter of helix, fto

Friction factor for straight ecirecular pipe.

Friction factor for coiled eircular pipe. &::fh@)
Retio of friction factor for helical coil and friction
factor for equivalent straight pipse

Aceeleration of gravity, fte/sec.?
Length of test tubing, fte

Mass flow rate, slugs/sec.

Number of turns in helix.

Pressure drop, 1bs./fte2

Roughness of tube, microinches.

Reynolds numbers

Flow veloeity, fte./sece

Fluid absolute viscosity, slugs/Pt.-sece

Fluid mess density, slugs/fte3
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INTRODUCTION

The use of regenerative cooling in rocket motors has emphasized
the lack of experimental data conecerning the pressure drop in helicsl
coilse 411 standard texts in Fluid Mechanics deal at length with
pressure drop through straight conduits and pressure drop for flow
around bends. +he existing deta on flow around bends, however, nor=
mally covers only bends up o 90 degrees and pipe sizes many times
the dismeter of the tubing for which information is desired in con-
nection with rocket coolings

The present investigation was undertaken as the beginning of the
detailed collection of information conecerning the pressure drop in
helical coils in the hope of providing a concrete basis upon which
the design engineer could meke intelligent estimates of the pressure
losses.

An attempt was made to isolate all the variables involved im
order %o discover guantitatively the factors contributing to the
increase in pressure drop in a helical coil over that in a straight

tubes
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BQU IFMENT

In this investigation it was assumed that the pressure drop
in a helical eoil was some function depending on the length of the
tube, L, the insgide diameter of the tube, &y, the diameter of the
helix, Dy, the inside roughness, r, and the Reymolds number, Re,

The first series of tests was designed to investigate the
effects of roughness on pressure drop in a helical coil. To this
end, twelve ten foot lengths of stainless steel tubing, one half
inch nominal outside diameter, were sandblasted to various inside
roughnesses. These tubes were tested straight and then bent into
helices of the same diameter and tested at various Reynolds numbers.
(See Table I for test configurations). In this manner all of the
varigbles with the exception of r and Re were held as constent es
the fabrication technigue would allow., As indicated in Table I there
was some variation in dy because of the fact that the tubes were out
of stock and not machined, and some variation in QH because of the
springback in the helices after they were bent,

The tubes were sandblasted by "The Sandblaster's Studio® of
Los Angeles. A special nozzle was designed by this company for e

hose small enough to fit inside the steel tubing. The hose was in-
| serted through the steel tube and then withdrawn at a steady rate
during the blasting operation. The direction of withdrawal was then
reversed in order to meke the roughness as uniform as possible
$hroughout the length of the tubing, Different size grit was used
for different roughnesses. It was desired to vary the roughness

\between the tubes as uniformly as possible from 10 to 100 microinches.
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The values obtained, as measured on a profilometer, are listed in
Table I The distribution was not very uniform; however, it was de-
eided to test the specimens anyway, inasmuch as there was an ap-
preciable roughness sprsad between the smoothest and roughest tube.

The technique for bending the steel tubing into helices was
as followse The inner surface of the tubing was coated with light
machine oil end the entire tube was heated in boiling water. The
tube was then filled with a molten, low-boiling point metal, “Cerro=
gafe¥, while s%ill in the heating bath. After the tube cooled, it
was formed by hend into a helix, using a cylinder of the desired
dismeter for the coiling process. The helix was then emptied of the
Cerrosafe by heating with a blowborch. Remnants of the Cerrosefe
were then further removed by a steam jets The tubes were weighed
before and efter the coiling operation to insure that no particles
of Cerrosafe remained in the helices. There were no evidences of
residusl Cerrosafes

The second set of tests was designed to hold roughness constant
end to vary the remeining persmeters. For these tests a plastie
tubing called %Jescolite? was chosene This tubing had a nominal
one=half inch outside diameter and about a 0.05 inch wall thick-
ness. By using the same piece of tubling for the remaining tests
the roughness and inside diemeter of the tubing were held constant while
length, diameter of helix, and Reynolds number were varied. For the
purpose of varying helix diameter, five wooden mandrels were con-

 structed of different diemeters, each having s one-half inch wide
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by one-half inch deep helix cu$ into them., (Fig. 1), Twenty-five
runs were made using the five helix dismeters and five different
lengths. (See Table II for test configurations).

Before the Jescolite was accepted for use it was statically
tested to debtermine %o whabt exbent it wonld expand vnder pressure.
This was quite an importent consideration when it is remembered that
pressure loss in a straight conduit is inversely proportional to the
product of the hydraulic diemeter and the square of the eross sectional
area, The tubing was wound in an unsupported helix of four inches
diameter and then statically tested up to a pressure of 200 p.s.i.
With the pressure at 125 p.s.i. or less the expension was negligible.
The maximum static pressure during the runs was 120 p.s.i. at the up-
stream end of the tubing, To investigate the distortion in the shape
of the tubing due to winding, the ratio of the major aﬁd minor axzes
(assuming the tube to be in the shape of an ellipse) was recorded with
no pressure on the four inch helix, This ratio was found to be 1.10.
Using this ratio, the error between hydraulic radius of the ellipse
and radius of a eircle of egual perimeter was computed to be @ﬁly
four tenths of one per cenit, With pressure in the Jescolite and with
the tubing wound in the helical grooves this error should be even less.
Thus the plastic tubing was considered to be cireular in cross section
and rigid in dimensions throughout the tests.

The inside diameter of the plastic tubing was measured by messuring
the outside diameter of a piece of aluminum rod machined to fit snugly
in the Jescolite., This dimension waes checked at both ends of the tubing

‘after each cut was made and did not vary throughout the tests.
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PROCEDURE

The test setup is shown schematically in Fige 2, while
photographs of the equipment are shown in Figs. 3, 4, and 5.
Standard equipment was used with the exception of the test speci-
mens and the wooden helices previcusly described. The test fluid
wes water.

In general, the test procedure was as followss (1) ZEstablish
a flow rate, (2) Measure and record a differeniial pressure, (3)
Simultaneously obtain flow rate by weighing e mass of water during
a specifiec time interval, (4) Measure and record ﬁe@perature of
water. From these recorded data and specimen dimensiomns, the quane
titles Re and f, were calculated.

Three methods of pressure measurement were used to obtain mex=-
imum sccuracy over all ranges of pressure drope The first pressure
measurenents at low flow rates were made on a ten foot waber man-
ometer. Measurements were then shiféed to a ten foot mercury man-
cmeter. At high rates of flow, s2bove the range of the two manometers,
two pressure gauges were used. In all runés overlapping readings of
the pressure measuring devices were made to insure continuity in the
date when a shift of instrument was made. In all cases the agree-
ment at the shift point was excellent.

The test procedure was designed to furnish a curve of frietion
factor; £, versus Re for a straight section of test tubing which
eould be compared with a curve of fckversus Re for the corresponding

colled tubeo
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In both the steel and the plastic tests it was desired o
isolate the pressure drop through the coiled portion of the test
specimens in order to obtain grester aceuracy in the comparison
of results. This required the subtreetion of the pressure drop
in the straight sections of tubing leading in and out of the coil
from the total pressure drop measured. For each steel specimen and
for the single plastic specimen a one foot straight length was
tested and curves obtained of pressure drop versus mass flow ratee
In every helical configuration, both steel and plasbic, six inech
leads were sllowed at each end of the coil for ccnngcticn to the
pressure tapse In the ealculaticns, the pressure drop of the one
foot length was subtracted from the total messured pressure drop
of the gorresponding helical specimen for the seme mess flow rate.
In subsequent calculations, 2 new length was used, one foot shorter
than the original tap to tap lengthe In this manner, the end ef-
fects of leads and taps were removed. This method is not entirely
accurate because the flow pattern in the tested one foot lengths
was probably not the same as the flow pattern in the leads during
the helical tests. However, the magnitude of the correction was
small compered to the overall pressure drop and thus the resultent
error would be negligibleeo

Fach steel sample‘was run straight before it was coiled, to

get the corresponding straight pipe curve. Inasmuch es the ssme



piece of plastic was used in all the plestie runs, only two com=
parison runs were meade with the plastic straight. One was made at
the beginning and the other efter the first reduction in lengthe.

They checked within one per eente
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PRESENTATION OF RESULTS

The direct results of the investigation are values of frie-

tion factor versus Reynolds number. For the steel tubing, tabu-

lated results are found in Tebles III to VIII inclusive. Plotted

results for the steel are found in Figse 6=9. For the plastic

test specimens, tabuleted date eappears in Tables IX to XV inclusivee

Figse 10-19 show the plotted results for the plastie tubinge

The following dimensionless peremeters are used in the discussion

of the results:

he

Dy
/4,

r/at

Re

8

Ratio of frietion fastor for colled specimen
to that of seame specimen run straight

Ratio of helix dismeter to tube diameter
Ratio of length of tube to tube dismeter

Ratio of roughness (microinches) %o tube
diemeter

Reynolds number

The Darey equation, shown below, was used to caleulate fo

pressure drop, lbs/fﬂg

friction factor, dimensionless:
ratio of‘length to diemeter of tube
mass density of fluid, slugs/cu.fte

veloeity, ft/secs
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There was some guestion as to whether the number of ¢turns in
$he heliezl coil should have been used as one of the parsmeters
of the discussion, but it was felt that the use of L/dy and Dyfd,
was more logical and convenient inasmuch as the f@mer paraneter
appears directly in the Darcy equation. Note, however, that when
L/dy end Dy/dy are given, the number of turns is defined.

References are made throughout the report to curves of f versus
Re, for different relative roughnesses, published by Moody (Ref. 1).
In this work Moody defines relative mughnesé ag & j% where € is
a length proportionsl to the internal roughness of the pipe. He
then correlates this ratio with different types of commerical grade
pipes. In this investigation the question of the relation between
r/% end € /cl,,ﬁ grises. When the steel sawmples and the plastic Hubing
were tested straight, it was found that their curves of f versus Be
coincided very closely with Moody's curves for a straight pipe vhere
r/d; was set equal to 5/%., This fact was used as justification for
relating Moody's results to results obtained in this shudy.

On each curve of f versus Re, for both ths steel and the plastic
tubing, there sppears a plot of h, versus Re, A compilation of these
curves is shown for the sﬁéel in Pig. 20, and for the plastiec in
Fig. 22,

For the plastic tubing, crossplots of hc versos L/% appear in
Figs. 23, 24, and 25 for Reynolds numbers of 8,000, 20,000, and
60,000 respectively. Grésspl@ts of h, versus DH/% eppear for the
plastic in Figs. 26 and 27 for the Reynolds numbers indicated. A

compilation of the curves fmm Pigs, 26 and 27 eppear in Fig. 28,
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DISCUSSION

In eveluating the results of this investigation no attempt
was made to express sny of the varistions in analybtie forme The
relationship of h@ with either Re or Dy seemed to follow no simple
lawe

Fige 20 is a plot of hc versus R@ for representative values
of r'/@.t for the steel coils. Fige. 21 shows & erossplot of h@
versus r/dt for fixed values of Ree Note that in these erossplots
and in subsequent ones, the plotted points are used tc identify the
source of datse and not to indicate experimental points.

A study of Fig. 21 indicates that hc shows very little de~
rendence on r'/dg over the range of relative roughnesses covered in
this reporte No definite statement can be mede concerning the trend
of the veriastion becsause @f the scatter of the pointse. The smoothness:
of the eurves through the originasl experimental péints justifies the
belief that the random nature of the points was not caused by errors
in pressure measuring technique. It ig felt that the aimless dis-
tribution was caused by ignorance of the overall physical charscier=
istics of the steel test specimens. Although extreme care was teken
in measuring the diameters of the tubing, the measurements could
naturally only be taken at the ends of the tubes and no acecount eould
be made of the veriation of dy along the length. Similerly, the
profilometer roughness readings were taken on samples cut off the ends
" of the specimens and had to bé taken as representative of the entire

tube. The fact that the variation of h, with r/dy wes small can be



somewhat justified by noting that for similsr renges of Re and rel-
ative roughnesses, Moody obtained only slight differences of friction
factor from thet of a smooth straight pipe. It must be borne in
mind that the small variation obtained applies only to the narrow
limits of this investigation. Again looking at Moody's curves,

and assuming that the overall behaviour of the coiled tubes will be
generally similear, it can be expected thet, for higher values of
relative roughness or higher values‘@f Reg‘the effect of relative
roughness on the pressure drop will be more pronounced.

The use of the plastic tubing in the investigation was very
effective in cutting down the number of parameters ﬁpon which the
pressure loss depended. By using the same piece of tubing for the
runs involving different helix dismeters and different lemgths, the
factors of relative roughness and tube diameter were held constants.
The effeects of the remaining three pasrsmeters, Lfdt, DH/dtg end Re,
gould then be easily separated. |

Fige. 22 shows the veriation of he with Re for the plastic coilse.
A very distinet minimum was recorded in every case in the Re range
between 7,000 and 11,000, There appears to be no obvious explenation
for this phenomenone

Figse 23, 24, and 25 indicate the veriation of h, with L/d..
The results confirm what might have been suspected; that is, there
is no veriation of hc‘for different lengths of the same tubing.

This linearity of pressure drop with length is the same as is found

in straight pipe theory and experiment. This econclusion might be
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expected to hold for higher values of L/@t than used in this study,
but there is doubt as $o its validity for lower velues of L/dt which
involve a fraction of a turn. It is reascnable to assume that,
after a secondary flow has been established in 2 uniformly ecoiled
tube, it will continue unchanged and that the pressure loss will be
linear with length. However, the mechanism of establishing the
flow in the first turn or turns is unknown and the probability of
a veriation of hc with L/dt in the lower range must be considered.
There was a definite limitation to the lower value of l/dt in this
experiment. This was brought about by the technique of removing the
end effects as previously described. As the length éf the tubing
was decreased, the correction factor became a greater asnd greater
percentage of the total pressure drop, thus deecreasing the accuracy
of the results. A4 more refined technique for tapping the test spece
imen itself for static pressure measurement might sllow an investi-
gation of the distance required for secondary flow developmente

The secondary flow referred to above may be deseribed as followse

Consider the cross seection of a ecoiled tubes

C




alza

In the sketch, point YAY is the inside of the tuwrn end point *B*
is the outside of the turn. The velocity of the fluid at points
9G¥ and "D is lower than the velocity at point ¥0% because of the
friction of the walls of the tube. Because the velocities in the
center section YOB¥ are higher tham those in the regions ®BC® and
¥BD*, the centrifugal force and thus the pressure in region *0B*
is higher and the fluid tends to take up a spiral motion from ®B*
towards ¥C¥ and ¥D%. By continuity it then continues to *AY and
back up the center. This spiral flow is superimposed on the axial
flowse

Figs. 26 and 27 show the results of h, vse Dﬁ/dt for various
Réynelds nunbers. Here again, erossplot points indicate the source
of the data and not experimental points. The curves indicating
the variation were drawn through the mean of the L,/dt pointse These
curves were collected in Fige 28 %0 show their relative positions
more clearly. For further clsrity in emphasizing both the minimum
with respect to Re and the observed infleection with respect to
Dy/d,» & three dimensional plot of h, vse Dy/d, end Re is shown in
Fige 29. The widest variation of the points in Figs. 26 and 27 ap-
pesred at Re 3,000. This might be expected because of the low flow
rates used to obtain this Re. The values of A\ p corresponding %o
the low flow rates were themselves so smell that an error in reading
the manoweter would be a much higher percentage of the total than

would be the case at & higher flow rate.
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Fige 28 shows not only the minimum found before with respect »
%o Re, but also indicates an infleection of hc with respect %o DE/dte
This inflection is not evident in the curves corresponding %o Rey-
nolds numbers of 3,000 and BgGOO@ but is quite clear in the curves
drewmn for Re 15,000 and higher. The inflection occurs at a value
of DH/at of about 22.5. Hughes and Sefford, (Ref. 2, pe 233),
gquote some results from experiments by Brightmore, (Ref. 3), in
which inflections with respect to Dﬂ/at were found, but at different
values of DE/dt° Brightmore's experiments were made with elbows
instead of full coils. I% ié interesting to note that in Fig. 28,
for Reynolds numbers of 15,000 and above, there is pfactically no
variation of h, with DH/dt values from 20.0 to 28.0.

In Fige 30 a comparison is made between & plastic coil and %wo
steel colils whose configurations were most nearly the same as the
plastiec coil. The anomalous result followed that there was a greater
pressure drop in the plastic coil than in the steel coil, the latter
assumed to be the rougher. A possible explanation, discussed prev-
iously with regerd to the variation Of‘hc with r/dtg might lie in
the faect that the dimensions of the steel tubing were not known
exactly and that the plastic tubing was more uniform in its physical
properties than the steele The agreement between the plastic and
the steel was within ten per cent. The inconsistency seen in Fige 30
coupled with the scatter of points in Fige 21 seems to indieate that
reproducibility of results with the stainless steel tubing technique

is poor. On the other hand, all of the results in this experiment



using the plastic tubing are quite consistent. This fact further
justifies the use of the plastic tubing in these tests.

It must be remembered’that this study covered only a limited
field, end thus it is difficult to extend any of the conelusions
whiech were reached. This, of course, suggests further investiga-
tion over a wider range of the independent parsmeters. Other vital
concerns of the rosket motor designer are the questions of pressure
drop in coils of verying Dﬁ/dt which would be found around the
throat of & rocket, and pressure drop in heliecal coils whose cross

seetion is not eircular.
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CONCLUSIONS

Recalling that b, = Qﬁ(lJ&tg Dﬂfdtg r/&tg Re), the conclusions
reached in this investigation are enumerated below. In each case
where h@ is considered as a function of one of the variables, it
is implied theat the other varisbles are held constante

1. h, varies only slightly with r/d4 over the range of r/@lt
from 0000005 t0 0.00030, and follows no consistent trende

20 hc is independent of L/dt over the range of L/dt from 778
to 628,0.

3o h@ is dependent on Re over the Re range of 3,000 to 100,000
and has a minimum between the Reynolds numbers of 7,000 and 11,000.
The position of the minimum moves from the lower to the higher valus
of Re as DH/d% decreases from 31.3 to 1069

b h@ is dependent on Dﬁ/dt as the latiter parameter varies
from 10.9 %o 31.3, decreasing generally as Dﬁ/at inecreases. For
values of Re of 15,000 and ebove, however, an inflection oceurs at
DH{d% egual to approximately 22.5. After a very slight increas&s
hc begins its downward trend asgain at Dﬂ/dt equal to about 28.0.
Over the range of Dﬁ/dt from 20,0 to 280, h, can bé considered
constant (15,000< Re<100,000)0 |

5e¢ The independence of h@ with L/dt can be extended to values of
L/ét greater than those tested but not to L/dt values less than
those tested.

6. The plastic tubing, ®*Jescolite®, was found to be quite
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gatisfactory for use in experiments of this type if caution is
used to keep the expansion within allowable limits.
7+ The range of roughnesses tested in this study was not

great enough to establish the dependence of hc with r/dtm
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