AN EXrERINMENTAL INVESTIGATION
OF THE PRESSURE LOS3 IN FLOW THROUGH
HELICAL COILS

Thesis by

Lieutenant Commander Robert A. Weatherup, USH

In Partial Fulfillment of the
Requirements for the
Degree of Aeronautical Engineer

California Institute of Technology
Pasadena, California

1949



ACKNOWLEDGEMENT

The author is indebted to the staff of the
Jet Propulsion Laboratory, California Institute of
Technology.

In particular he wishes to express his
appreciation to Dr. Howard S. Seifert who suggested
the problem, to Mr. Robert Rose under whose supervision
the investigation was conducted and to Lieutenant
Commander Albert H. Clancy, Jr., USN, with whom the

experiments were conducted.



SYMBOLS

F -=Friction factor for straight pipe.

he --lultiplicative factor by which the straight
pipe friction factor is l1ncreased in order to
obtain the effective friction factor for a
helical coil.

*¥ ;k ~--BEffective friction factor for helicsl coil.

P --Pressure.

AP --Pressure loss.
U --lean veloclty of fluid flow.
~m --Mass flow rate.

./0 ~-lass densitye.

Jt --Inside diameter of tubing.

L.--Length of ‘tubing.

[~ -—~Internal surface roughness of the tubing. (Root
mean square of surface irregularities as measured
by profilometer.)

[l4—-Mean diameter of the helix.

P, --Pitch of the helix.

M--Reynolds number.

M ~-=Absolute viscosity.
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SUMMARY

Tnis thesis is a report of an experimental

investigation of pressure losses in flow through

helical coils of circular cross section. The

investigation aimed at the determination of a

multiplying factor /M which could be applied to

the friction factor for an equivalent straight pipe

in order to debtermine the effective friction factor

for flow through a helical coil.

The following conclusions were reached:

1.

The multiplicative factor Ab is a function
of Reynolds number and has a minimum value at
a Reynolds number of approximately 8,000.

The factor hc is also dependent on the ratio
Dn
dg
increase AC as the ratio

The general effect of this radio is to

Dn

dg
At Reynclds numbers above 8,000, however, /’)c

is decreased.

waa found to be rather insensitive to variation

:{—ﬂ over the range fron g”—: 20 To 30
. dt T
with a minimum at 9'—'-":‘ 23 .

T
The factor hc was found to be independent

in

. r
of the ratiocs -11- and —— over the ranges

dy dt

investigated.



IHTRODUCTION

Considerable literature exists relstive to the
comgutatioh.of pressure loss in flow through straight
pipes. Experiments have shown that curvabure results
in higher pressure loss than is vredicted by the
straight pipe relations. There is comparatively
little literature relative to the gquantitative effect
of curvature on pressure loss. This is especially
true in the case of turbulent flow. References 1
end 2 contain information relative to leminar flow in
curved pipes. It should be noted that the ratios of
friction factors given in Reference 1 are based upon
the laminer filow friction factor.

This investigation was concerned with the
" problem of determining the pressure loss through
helical colls and was limited to flow in helices formed
from tubing having a circular cross section.

This investigation aimed at the determination of
a multiplicative factor, /Q s which could be applied
to the pressure drop computed for an eguivalent
stralght pilpe in order to obtain the pressure drop
in a helical colil. A dimensional analysis which is

T

given under the heading RESULTS AND DISCUSSION



indicated that the following dimensicnless ratios

were ol importance in this problem:

RATIO LIMITS OF INVESTIGATION

1. _/_’.)_‘/gic (Reynolds no.) 3,000 to 100,000
2. Dy 10.9 to 313

dy
5. L 77.% te 62%

dy
4. Pnu Not investigated.

de

-5 -5

5. L Yol x 10 teo 23.4H X 10

de

This investigation was conducted at the Hydraulics
Laboratory of the Jet Propulsion Laboratory, California

Instltute of Technology during the school year 1948-~40.



LigULPHENT

A schematic diagram of the test apparatus is
shown in Fig. 1. Photographs of the test apparatus
are included as Figs. 2, &, 4 & 5. Fig. 2 1is a
photograph of the complete apparatus. Fig. 3 shows
one of the steel helices tested. Fig. 4 shows one
of the five wooden helical forms used with a plastic
test specimen in place. Flge. 5 shows all five of the
wooden helical Tforms which were used to form helices
with plastic tubing. All tests were made with water
as the working fluid.

Twelve helices of stainless steel were tested to
determine the efiect of surface roughness on hc .
These helices were practically identical except for
surface roughness. The dimensions of these specimens
are given in Table I. Stainless steel was selected
so that the roughness would not chenge during the

sts as a result of corrosion. Commercisl stainless

0]

t
steel tubing was used. The interior surfaces were
roughened by sand blasting. (A local firm developed
s sand blasting head which was drgwn through the
tubing.) The specimens were tested in the straight
condition anc then bent and tested in the helical

form. vistortlon of the cross section was avoided by



filiing the tubing, before bending, with a low
melting point alloy known as "CERROSAFE". After
the alloy hed solidified the tubing was bent on a
cylindrical form. Then the "CERROSAFE" was removed
by careful steam cleaning at a temperature well abow
the melting point of the "CERROSAFEY,

éh- and _L; was ine
de R |
vestigated by using a plastic specimen wound on various

The effect of the ratios

wooden forms. The configurations of the plastic
specimen as tested are given in Table II. The plastic
selected had a very smooth interior. A sample of this
plastic tubing was subjected to static pressure tests
and showed negligible expansion under the pressures
employed in this investigation.

Pressure measurements were made using a water
ianometer, a mercury manometer, and calibrated
laboratory bourdon gages as applicable. Simultaneous
pressure measurements were made on the above instruments
whenever thelr pressure ranges overlapved. DBoth the
water and mercury manometers were approximately twelve
feet high. Gage readings were reguired for only a

relatively few experimental points.



PROCEDURE

The test procedure involved the determination of
the pressure loss at various flow rates. The pressure
lcss was measured on the water manometer, mercury
manometer, or bourdon gages as aprlicable. The flow
rate was determined by collecting the water over a
sultable time interval and weighing. The temperature
of the water collected was recorded from which values
of viscosity and density were determined from tables
in Ref. 3.

The pressure taps were located six inches from
the helix in all tests in order that the flow might
be relatively uniform at the point where the pressure
orifices of the taps were located. The location of
the pressure taps 1s shown in PFigs. & & 4. The pressure
logs measured bebtween the orifices of the pressure taps
was ceocrrected for the pressure loss in the pressure
taps themselves and in the six inch leads to and from
the helices in order to obtain the pressure loss in the
helices alone. This correction was obtained by testing
the pressure taps with a one foot length of tubing
between them at various flow rates and plotting a curve

of AP vs ~n . Corrections from this curve were



subtracted Ifrom the measured pressure loss between the
pressure taps for corresponding flow rates in order to
obtain the pressure loss in the helices themselves.
A small error was possibly involved in this procedure
since flow conditions in the one foot length tested
between the pressure taps were not the same as in the
six inch leads to and from the helix. However, any
error should be neglipBible since the correction was

small in comparison to the tobtal pressure loss from

the upsitream pressure tap to the down stream ftap.



RESULTS AND DISCUSSION

The following physicel guantities were considered

necessary to define the problem:

PHYSICAL QUANTITY : DINENSIONS p
(l{= Mass, L'=Length, T= Time)
Viscosity-- M M
iscosity-- —
LT
/
Velocity=-- U :%—
- N M
Density-- /° —=
(L)
. _ /
Diameter of bube--dt l
Pressure loss-- AP L/;,\Ta
7/
Diameter of Helix-- D, L
/
Piteh of Helixz-- P L
’
Length of the tube--L L

Root mean square of

surface irregularities

as measured by /
vrofilometer (Roughness)--F L

Application of Dimensional analysis indicates

that the following ratios may be of importance in this

sroblen:



Lo Zgj; (Newton's number)
U
2o Zf;§:é£ (Reynolds number)
5. L.
dr
4. _Dn
d¢
5, I
dg
6.
dg

The usual formula for computing pressure loss In

o straight pipe is

L. =
AP = —_ L U
FLis

The friction factor f: is known to be a function of two
factors, Hevnolds number and relative surface roughness.
The following formula was considered for computing

pressure loss in a helical coil:

Zﬁ’b:: hbir'éjf'éf//g U—a

The multiplicative factor bc was considered to be a

possible function of the ratios indicated below:

pU"Jt L DH A &)

-5 )

}lc: Funcﬂon( N )I)t’dt _d':-‘
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The effect of Reynolds number was investigsted

by varying the mean velocity U™ while holding all

o

other retios constant. The effect of L was investigated

dt

by testing shorter and shorter lengths of the original

. . i D
plastic specimen. Varlation of — was acconmplished

dt

by winding the same specimen of plastic tubing on
nelical forms of various diameters. Variastion of-gr—
T

was investigated over a narrow range by testing a series

-

of twelve stainless steel helices which were practically

identical except for roughness. The ratio - was

T
not investigated. 411 the steel helices were tightly
wound having a pitch of approximetely one half inch.
All of the plastic helices were wound on wooden forns
which had & pitch of one inch.

The dimensions of the stainless steel specimens
are given in Table I. The approximate number of turns
in the helices is included in Table I as an aid In
visualizing the helices although the helices are
completely defined by the dimensions L, EL and Dy .
The test results for the stainless steel specimens are

tabulated in Table III and plotted in Fig. G.V Fig. 6

n

shows curves of the friction factor f for all of the
specimens when tested in sbtraight condition. These curves
of friction factor are all very close to the frictlon

factor curve for smooth straight pipes as given by
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Moody in Ref. 4. Curves of the friction factor frbc
obtained after coiling the tubing are also given in

o

Fig. 6. Tne values of hc plotted in Fig. 6 were obtained

09

by dividing the ordinates of the f A, curve by the ordinates
of the F curve for the same Reynolds number. Ilg. 6A is a
combination of certain of the he s, A@ curves from Fig. €.
Fig. 6B is a cross plot of ha ve. jf% from Fig. 6.
Fig. 6B shows no correlation between hc and surface
roughness. Therefore the conclusion was reached that

‘hc was not a well defined function of surface roughness
over the limited range investigated. The sand blasting
technique did not produce the anticipated variation in
surface roughness. (The points shown in the cross plots

oi this report are not experimental points, but legends
indicating source of data.)

The dimensions of the plastic tubing test configurastions
are given in Table IT. The test results are tabulated in
Toble IV and plotted in Figs. 7, 8, 9, 10 and 11. All of
these figures show the friction factor T for the straight
plastic tubing and the friction factors fhc for same plastic
specimen when 1t was coiled into a helix on the various
wooden forms. Figs. 7, 8, 9, 10 and 11 all show that h,
is strongly influenced by Reynolds number. The similarity
of Figs. 7, 8, 9, 10 and 11 suggests that he is not a

function of L . Figs. 12, 15 and 14 are Cross pld s

dr



of /k: vs 5? from the data of Figures 7, 8, 9, 10
and 1ll. From these cross plots, hc does not appear
to be a function of -5?—over the range investigatbted.
This indicates that the nature of the flow in a
helical coil 1s established rather rapidly.
Investigation of the establishment of the flow

L

pattern at lower values of — would be of interest,
t

but a more elaborate experimental technigue involving
multiple pressure taps in the direction of flow would
probably be reqguired. Reference 5 contains some charts
which show the nabure of the flow patterns established
in bends. It is interesting to note that the
disturbances created by the bend are propagated for a
considerable distance downstream.

Figs. 15 and 16 are cross plots of hc vs -75:
from the data of Figs. 7, 8, 9, 10 and 11l. Fig. 17

is a reproduction of the curves from Figs. 15 and 16.

Dn

Fig. 17 shows the effect of upon hc and the

T
rather unexpected result that hc has a minimum value

at —3—?3 23 for the higher values of Reynolds number.
A somewhat similZar phenomenon has been reported in
Ref. 6.for 90° pipe bends.

Fig. 18 is a cross plot of hc vs A%Rifom Figs

9. Fig. 18 shows the very strong effect of Reynolds
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number upon Ac o Flg. 18 was drawn from the

experimental data for the ratio of _25/ .
¢ L
is valid for all ratios of iy
T

However, Fig. 18
greater than L= 77.¥ since Figs. 12, 13, and 14 show

that Ac is independent of —~ at least for vsalues of

Bither Fig. 17 or rfig. 18 may be used to estimate
the value of Ac depending upon which is most convenient.

This investigation shows that hc is a function

Al ] L—
of NR and Qi + The factor h was independent of —|—

t dz
and —  over the ranges investigated. The effect of
e T
the ratio —H was not investigated.
T

It is interesting to note that the values of
determined from the steel coils are about 10% higher
than those from the plastic colils for corresponding
values of %%i- and A@ . The curves are of the same

T

general shape and are shown in Fig. 19. Fig. 19 is a
combination of roughly comparable test results from
steel and‘plastic tubing. The varistion of 10% is not
consicered unreasonable in view of the somewhat uncertain

effect of variation in surface roughness and the slightly

Lo
Gifferent values of the rqtlos-g— and It might also

Dy
de
be noted that the steel hellices had a pitch of

approximately z inch while the plastic helices had a



wld-

piteh of 1 inch.
Fig. 20 shows Ac as a function of both Reynolds

number and —gﬂ- « This figure alds in visualiging
T

the combined effect of the two most important variables.
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COLCLUSIUNS

The following conclusions were reached as a
result of this investigaticn:

1. The multiplicative factor AC is a function
of Reynolds number and has a minimum value at a

Reynolds number ol approximately &,000. The

(o8]

funetionality is shown in Fig. 18

Z. The factor hc is also a function of the

ratio Du . The genersl effect of this ratio is to
¢ D
increase h¢ as the ratio =M is decressed. At
de
Reynolds numbers above 8,000, however, hc was Tfound
. , R 2 as . o Du
to be rather insensitive to variation in —— over
D T
the range Ifrom J’ 20 to 80 with a minimm at
r

—~ r e
:{D——’i = 23 , The functionality is shown in [Mig. 17.
T

3. The factor Ac_ was found to ke independent

of the ratios _L; and over the ranges investigateds

T dt
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ABCOILENDATIONS

The following recommendations sre submitted with
regard to any Ifurther research on this problem:

l. Larger tubing should be used in order to
obtain higher values of Keynolds number.

2. The effect of surface roughness should be
investigated over a greater range. The technigue of
sand blasting is unsatisfactory on stainless steel
tubing. An attempt should be made to develop a more

satisfactory method of producing surface roughness.
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FORKULAS

l. Straight pipe.

AP:{'QL:;—é/owL OR

2. Helical coil.

Ab=*th -l: Lru® =
de &
5. Mean velocity.
4 ~on

= oR
P

U =

4. Reynolds number.
U de

Np »




TABLE T
DIMENSIONS OF STHINLESS STEE L SPEC/IENG

S | 2 3 o 5 6
L7 766! 149 770 7.70| 7.70| 7695
e ) HT0 | HY0 | H32| .433] 437 Y3
de  FT10367].03671.0357,035% | 4365|.03¢4/
emones| | 23 36. 40.| 29 23| eo
D, | 570 590 594] .39 590 590
Dujg. V160l | G 06 | 1922 s4.2T| 13F5) j4./0
A, | 2085 | 2010 2040 215 | 211 273
nearern) o v & v LA

vemeen—| 7 4 9 /0 | 1/ | e
L FT| 7.47075/517695 | 769 | 7994|7695
A | 434 377 432 | 4346|437 | 433
dr #1| 0363]. 633100300 |,0363].0364 .036/

miemmenes| 30| 93| 30| 2d | 24| 62
D, fr| 5#5| 575| 590| .590| 575| 570
Oa/y N 1611 1575 1639 16.251 76,09 | 16.07
L/g, | 211,50 227002/325] 212|206 | 213
o) | 71 4 4 4 4
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General View of Complete Apparatus

Fig. 2




_36-,

Stainless Steel Helix on Test Stand
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Plastic Helix on Test Stand

Fig. 4
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