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The Effect of
Heat Transfer on the Friction Factor

in Fanning's Equation.

While it is a quite definitely established

fact, that the Fanning equation(I? fits all cases of

isothermal flow.of fluids through pipes, some data
in a theéis by White(z) seems to indicate that the
actual pressure drop as measured during the heating
of a fluid in an interchanger'is considerab;y'lessi
than oﬁe would prédict by the use of this equation.
But as White was noﬁ pgimarily interested in the pres-
sure drop, he did not attempt to correlate his obser=
vations or to explain this deviation. And his re-
sults cover too small a range to warrant using them
as a»basis of calculation. Many industries now make
use of fluid‘to fluld heat exchangers and similar types
of apparatus, so this thesls was undertaken with a view'
.td providing a more reliable basis for the calculation
of pressure drops in the design'of such eQuipment.

The apparatus required for this investigation
1s quite similar té that required 1n-the actual deter-

mination of heat transfeffcoeficients. So it was
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thought advisable to take sufficlent data to make pos-
sible the calculation of bath friction factors and

heat transfer coefficients. To make sure that the ex-
perimental method and apparatus gave results in accord
with the establishéd curve of friction factors, sever-

al runs were made both with water end with oil cover-

ing a range of the modulus (DuS) from 0.02 to 5.0.

Thus»this range includes both viscous and turbulent
motion and the critical range that lieg bebwegn these
two. Also as another check on the method used, the
actual heat transfer coéfficient; have been figured
and compared with the work of Morris and Whitman(s).
The greater part of the work, however, was the study
of the effect of hegting and cooling on the actual
value of the friction factor for fluids flowing in

horizontal pipes.



APPARATUS AND METHOD

The apparatus used for the determination of

friction factors and heat transferﬂcoefficients is

 shown diagrammatically in Figure 1, while the impor=

- tant dimensions are given in Figure 2. It consists
\of>two main units, (C) the heater and, (E) the cool-
er. The tube through which the rluid under consider-
atlon flowed was aliké in both units. It was a stan-
dard 3/8-inch I. P. S. ¢6pper tube with internal and
external diameters of 0.494 and 0.675 inches respeé-vr
tively., To allow any eddy currents, caﬁsed by bends,
contractions or enlargements in the pipe, to become
negligible; the fluid passed through a stralght sec=-
tion of the tubé over one hundred dlameters long be-
fore entering either the heating or cooling zone.
This "calming" section was a continuation of the‘stan-
dard copper tube. A turbulence chaMber(D"S)_was
placed at the exit of both‘un1£s to thoroughly mix the
stream coming from the exchanger and thus insure that
Ehe ﬁemperatﬁre read would be a true average of the
stream. These turbulence chambers cgngigtéd of two
slotted copper discs placed a short distance apart

_ with the slots in one disc at right angles to those




DESCRIPTION FIGURE T

- 011 storage tank
- Alr separator

- Heating unit

- Turbulence chambers
- Cooling unit
- Auxiliary cooler

- Steam separator

Steam Condensate ﬁrap

- Cooling water storage tank
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in the second. It was assumed that the changes in
velocity and direction of the cooling water leaving
the jacket would mix it sufficiently to give the same
result. The exchangers and "calming" sections were
all thoroughly legged beyond all thermometer welis,

To allow room for the thermomater‘bulbs the
‘5/8-1nch_pipe was enlarged into a l-inch}tee to form
the well. Each thermometer was fitted with a rubber
stopper and.held firmly in place by means of a pipe
cap as shown 1in Figure 3A. Allithermometers were com-
- pared with a set of German Standard thermometers P. T.
R 89859-60 (1922) and found to be sufficiently accu-
rate for this ipwestigatibn. Thermometers used in
measuring the oll temperatures at the entrance and
exit to beth units had a scale of 0-100°C in 17.5 in-
ches, graduated in tenths making possible a reading
to within 0,02 degfees.‘ Thermometers used for meas-
uring steam temperatures had a scale of 100-150°C in
13+.5 inches, graduated in tenths, Those used for
measuring cooling water temperatures had a scale of
0-30°C in 9.5 inches, graduated in tenths, making pos-
sible a reading to withln 0.02 degrées;_ |

- Measurements of the static pressuré were mgde

in all cases with a specially designed plezometer ring,
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Figure 3-B. In the heating unit, due to the high
temperatures maintained in the jacket it was necess-
ary‘to place the rings on the outside as close as pos-
slble to the entrance and exit of the jacket. In the
cooler 1t was possible to place the rings on the in-
side. The length under bonsideration, therefore, var-
ied slightly with the unit, that in the heater and
‘cooler being 58.25 inches and 52.25 inches respective-
ly. While the length exposed to the heating medium
was 56_inches and that to the cooling medium was 55,5

inches,

The outside wall temperature of the pipe was _
measured at the entrance and exit of each un;t‘by means
of a No. 22 gauge copper-ideal thermocduple_soldered in-
to slots in the tube wall. A Ieeds, Northrop student
potentiometer was used, the scale of which was divided

~ into tenths of a mlllivolt making possible a reading.
within five hﬁndredths of one'degree Centigradg. As a
cold junction, ice in distilled water was used, and all’
thefmocouples were calibrated in place, ;

As this is a continuous system, calibrated ori-
flces were used 1n:measur1ng the velocity of(ﬁhe fluid.
For low velocities, (o,) orifice No. 1 was used and for
high velocities (0g) orifice No. 3 was used. By means

of a by-pass around No. 1 and screw clamps on the leads
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running from the orifice to the instrument board the _
same manometer was used on both orifices. Orifice No,
1 consisted of chambers of standard 2-inch iron pipe
~end & 0.023-inch galvanized iron plate with the hole
made by a 0.25-1nch reamer., Thé statie bréssure open=-
ings were located at 1;6 and 0.8 inches from the plgte
on the upstream: and downstream: sides respectively.
Orifice No. 3 consisted of chambers of standard'3-ipch
iron pipe énd a 0,023 -inch galvanizad iron plate with
the hole made by a 0.375-inch reamer. The static pres-

sure openings were located at 2 6/16 and 1 3/16 inches
from the plate on the upstreamu_and downstream: sides
respectively. (0z), Orifice No. 2, used for measuring

the flow of the cooling water was identical with Né. 1.

Al1 the staﬁicvpressure outlets were of 1/4-inch 0. D,
heavy walled brass tube and were situated at the bottonm
of the chambers to prevent aﬁy ailr collecting in them,
By a proper arrangement_of manometers it was possible
to read the pressure drop across either the heater or
~ the cooler, directly in inches of the fiuid floWing-for »
low'dgops and in inches of mercury for the higher values,
To keep a constant velocity of the cooling water
through the jacket it was fouhd{necgs#ary to £ill a large
storage tank from the water main‘and then pump the water

—— s e v —e—— . . = S




ﬁhrough the jacket with a Gould pump run by a constant
speed motorj ’ﬁhe amount of water through the jacket
being regulated by means of a by-pass.

When making runs ﬁith water it was necessary
to 1nstall an air separator (B) to remove as ruch air
as possible from the water before running it through
the heafer; This was very effective with water but
because of the greater viscosity of oil it was neces-
sary to submerge the circulating pump in a bath of oil
to prevent air getting into the system‘and then the
0oll being circulated was heated to and held at a high |
temperature until practically all of the dissolved air
had escaped frqm the storage tank, The circulating
pump was a Kinney rotary pump run by a constant speed
motor., The amount of fluid'thrgugh the apparatus was
regulated by}meéns'of-a by-pass. »

For low temperatufe;runs an suxiliary cooler
(F) was used to keep the oil at a qonstagt temperature
but for the high temperature runs the fluid flowing was‘
shunted directly to the storage tank after leaving the
cooling unit without passing through the auxiliary cool-
er, - |

In order to be sure of a subply of dry satur-
ated steam in the heating‘unit'ﬁll steam lines were



thoroughly lagged and enough steam was bled from the
line to insure the operation of the steam sepgrator.
Also a small gas-fired super-heater was ihsfalled be-
-tyeen the separator and the heating unlt and ropérated

- 80 as to furnish dry saturated steam in the runs in |
which heat balances were desired. By means of an ex-
pansioh valve the steam'pregsure could be varied from |
atmospheric to 50-1b, gauge. Heat balances were made,
in all runs using water, as a check on the method and
were found to be within a very few percentrih‘all

cases, v. Table I, shqwing the heat lost to the surround-
ings to be negligible. It was necessary to collect the
condensate formeq'in the heating unit in cold water to

| prevent flashing, In the case of the runs made with
oll, because of the ﬁoor coefficients less condensate
was formed, While this tends to male the percentage '
lost slightly larger it may still be assumed negligible.
And as the length of each ‘run was quite short the a.mounth
of condensate formed could not be measured with any ace
curacy and no attempt was made to figure heat balances
on these runs. Iikewise, because of the large amount
of cooling water used its rise in temperature was too
small to justify the calculation of héat balances on

. this unit.



The standard tubes in both maih units were
cleaned each day while using water as a fluid. Also
before each run it was'neceésary to remove any trace
of alr that collected in the manometer :arms. When
using water direct frbm the mains and discharging it
without recirculation quite a bit of air collected in
these ~arms, but when using oil with the circulating
pump submerged this was ellminated.
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DISCUSSION OF RESULTS

_ Verj little information was avaiiable on this
problem. The data taken by White(z) have been recalcu-
lated by Spurdle(4) and seem to indicate that the actual
pressure Qrdp is‘less than the value predicfed by the
Fanning equation, when the fluid is being heated. And
there were no data aveilable on the actual value of the
pressure drop during cooling. Saph and Schoder |
have done a large amount of work in establishing a rela-

"~ tion between the frictiOn‘factor (f) and the modulus

(2%§)‘for isothermal conditions. This work is summari-
zed in a plot by Spurdle. Stanton and Pannell(e)_have
also done considerable work on isothermal conditions and
thelr results agree with the curve established by Saph
and Schoder, Therefore this curve may be considered
a correct representation of the conditions existing dur-
ing isothermal flow, In this investigation a number of
isothermal runs were made with beth oil and water and it
was‘found that the friction factors calculated from these
agréed very nicely with‘the established curve over its
entire length. Figure 4. Thus showing that the exper=
imental method and aﬁparatus would producg results in

accord with previous work. These runs were made before
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the pump was immersed in a bath of the liquid under con-
sideration, to eliminate the last traces of air from the
system. Hence 1t 1s thought that results could be ob-
tained after the pump was immersed that would agree even
more closely with Stanton and Pannell's curve., Veloclte
"B" was the oil used in all oil runs,

’ The results obtained seem to show that thevp:esf
sure drop ls dependent to quite an extent on the viscosity
of the film sliding'along the pipe wall, That is, for the
heating of fluids this film is much hotter than the main
stream and the;efore has a greater fluidity, causing the
main stream to move through the plpes as a slug slipping
o#er the less #iscoua £film, with an actual pressure drop
lessvthan that predicted by theAFanning equation in which
the viscosity of the main body of the fluid is used in
determining the friction factor (f). While for the cool-
ing of fluids the opposite takes place, the film being
much colder than the mein stream has a greater viscOSity
and retards the flow, causing a greater pressure drop
than predicted. _

~ Two methods of allowing for this film effect
were proposed. First, since the aversage vigCosity'orv ‘
the main body does not give correct results, by choosing

~some other viscosity such as the film. viscosity, or per-
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haps some mean between the two it would still be possi-
ble to use the Fanning equation with the friction fac-
tors for isothermal flow., Butthis method presents one
big disadvantage. In order to determine the tempera-
ture of the film, trial and error work is necessary to
find the correct pipe tempe:ature to use, |

The second method, one which is more desirable
in engineering practice because of its simplicitx’is as
follows, Since the vliscosity 1s a function of the tem-
per;ture end this film effect is dependent on the differ-
ence.between the viscosity of the main body and that of
the film, it is obvious that it should be possible to
allow for the film effect by taking into consideration
the temperature difference between the average tempera-
ture of the main body of the fluid_béing heated or cooled
and the inside pipe wall temperature. As the velocity
of a fluld 1s increased, however, the type of flow changes
from viscous to turbulent. In the turbulent range, while
there is étill a thin film slipping along the pipe wall,
it is very much thinner and hence the effect referred to
above is evident to a less extent. As the turbulence 1s
mede more violent at still higher velocities it wears
this film down extremelj thin and the film effect becomes
negligible. -
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Any attempt to express this varying effect of the
temperature difference in mathematical form wou}d glve
‘rise to quite complicated equations. Therefors, it was
deemed advisable to allow for it by constructing a se-
ries of curves showing the friction factor which, vhen
substituted in the Fanning equation will give the ac-
tual pressure drop for the various temperatﬁrev¢1fferf
ences. These curves are plotted from the data obtgined '
in runs H1-66; vf Table II. In the viscous range, they
appear to be nearly parallel to the isothermal curve
while in the turbulent range they approach 1t as pre-
diected., Since the'properties of the fluid are taken o
at the average temperature of the main body of the fluid,
thisAset 6f curves present a simple solution to the pro-
blem, one quite easy to ﬁse in caleulations for design

work,
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HEAT TRANSFER COEFFICTENTS

o As the main object of this thesis was the inves-
;E! tigation of the pressure drop, the conditlons uhder
: which some runs were made did not make the data col-
lected suitable for calculating_heat transfer coeffi-
b clents. Therefore, for heating, only such runs that
_%1 had a rise 1n.the't9mpérature of the main body of the
fluld of over 2.59C, in flowing through the tube, were
used, And-for coolipg only those having a fall in
temperature of over 1°C were used. o
The coefficients Wefe calcqlated and plotted as
suggested by Morrlis and Whitman, Figure 6. While‘all
of the points for both the heating and cooling of oll
in turbulent range seem té be a bit lower than their
curve, they are on the who1e in quite good agreement,
For heating water, however, the points seem to be much
lower than thelr suggestgd curve. As‘thgre was no
apparent reason for this, there seemed to be a qnestion
as to where the curve should be drawn. Some data ob-
tainéd by Baldwin and Sherwood(v)in 1924 on the heating
of water were recalculated and plotted onnﬁhg same co-

, \
ordinates, These polnts also fall some distance below
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the curve of Morris and Whitman and seem to be in good
agreement with the results obtained in thé:investiga-
-tion, Hence 1t is suggested that the slope of the
curve be reduced in this range.

}The data obtained on the cooling of water are
all that are available at this time. They seem to
indicate that the coefficients for cooling water are
approximately the same as for heating it,

The calculations of these coefficients are

given in Table V.
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CONCLUSION

‘Friction factors for both heating and cooling
of fluids in the viscous ‘and turbulent ranges have
been determined. The results seem to be correlated
best by a series of curves above and below the esta-
blished isothermal curve end symetrical with it.

Heat transfer coefficients for oil and water
have been determined. The results on oil seem to
agree with the curve of Morris and Whitman. In their
article they propose one curve for heauing end that
values 75 per cent of these_be used for cooling. The
results obtalned for water, however, are much lpwer;
Results of Baldwin and Sherwood on water are also
lower, indicating that the curve proposed by Morris
and Whitman should have a flatter slope in this range.

| Figure 5 shows (f) pPlotted against (2%§) for
isothermal, heating and cooling conditions.
: Eigure 6 shows (%2)/(%§)0 37 plqtted against
(2%§l.for heating and gooling;} The curve shown is
Morris and Whitman's for heating, and cooling 1s 75 per

cent of the heating value,
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‘Figure 7 shows White's data plotted on the
curves adqpted 1nuthisrinvestigétion. 411 of his
values seem to run low, but as this is also the case
with his isothermal runs some of the deviation is
obviously due to errors in his experimental method.
Because of thls it seems advisable to use the curves as
drawn and any errors resultiné from thié will simply

increase the factor of safety,
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RECOMMENDATTONS

For future work on this préblem it would be
well to equip the storage tank, for the oil, with a
steam coll to maintaln constant temperature at the
high levels.

, The circulating pump should be kept immersed
in the fluid under consideration. o _ »

It would be desirable to have more turbulent
flow of'the'cooling'watervin_the Jacket, This could be
obtained in twé ways. First, by enlarging the orifice

- to permit a greater velocity, This would require a
large amount of cooling water and male it practically '
1ﬁpo§$1ble‘to obtain heat balances on ﬁhis unit. BSecond,
by reducing the cross sectional area of the annular space
in the jacket. This would lead to difficulties in con-
struction. : S | . L S

An attempt should’be made to use a wider range
of temperature differences in the cooling unit.

Also 1t 1is advised that a study be made of the

| offect of a high temperature difference in the turbulent
range for bath units. To do this, it would be necessary
to use an oll with a lower viscosity ihan the one studied

here,
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NOMENC LATURE

Area of cooling surface

Area of heating surface

Specific heat

Diameter of the pipe in inches

Friction factor in the Fanning's Equation
Gravitational constant = 32.2 ft/sec”

Heat transfer coefficient for fluids expressed
in B. t. u., per hour per sq. ft. per degree F
temperature difference

Liquid head’in inches
Fluldity = 1
A

Thermel eengct;vity; for oll a constant = 0.078
Length of pipe in inches
Ce he u. or B, t. . per hour

Reading of Orifice manometer in inches of mercury
in contact with oil

Specific gravity .
" n et orifice

" n

fluid in pipe

at average temperature of

>Temperature of fluid at orifice °C

Average temperature of fluid 1n tube ©C.

Temperature of steam entering jacket

n " "

leaving "




n

- ft

L

i}

n

n

f

n

1"

n

el

Temperature of cooling water entering jacket

" leaving f

fluid entering heater

n

"

leaving "
entering cooler

leaving cooler

= Average temperaturse of fluid in tube OF

= The effective temperature difference through the

fluid film

= Veloelty 1n feet per second

= Viscosity of fluld in centipolses relation to water

=,density of fluld = 62,35




22

CALIBRATIONS

The diameter of the standard tubes was ﬁeasured
by filling each tube with water, the ends being care-
fully sealed and weighing the amount of water. In
bgth cagses they were as specified 0.494 inches I. D.

All orifices were calibrated by weighing the
amount of water pumped through at a constant velocity
in a glven perlod of time. ‘This was done at several
different velocities for each oriflice. When this data
"~ was plotted it was found to be within twoper‘cent ofA
the curve calculated.fromﬁthé theoreticalAequation for
sharp-edged orifices., Flgure 8, Table IV,

Thermocouples in the cooling unit were cali-
brated by rumning water at constent temperature through
the system until equilibrium was reached in the unit.
Thignwgs done at several different temperature levels.
Thermocouples in the heating unit were calibrated by
admitting steam, at different pressures, into the jack-
ot and taking the Teading of the pressure by a calibra-
ted gauge after.equilibr;um.was established between the
pipe and jacket, Flgure 5. _ -
| It was necessary to keep the_pregsure”gt‘thg

discharge end of the piamp below 40 1b. gauge, as this
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was the maximum pressure the circulating system would
withstand. All pressure gauges used were calibrated
with an Ashton Tester in the Mechanical Engineering
Department. ‘ v o
Due te a change in design it was necessary
to replace the standard copper tube in the heater with

a similar one. This was done between runs 08 and Dl‘

§ " m———tee ey
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DESCRIPTION OF RUNS

Series Calibration of Orifice No. 1 and No. 3

] - on " n No. 2

1t

- -'Heating and Cooling of water

A
B
c
" D - Isothermal on Water
E- " " _611 (Velocite "B")
H

- Heating and Cooling of 0il (Velocite "B")

The standard tubes under observation were
thoroughly cleaned at regular intervals which using

3 Dy = Dyp,

water between runs C, and Cg; Cg and 07
Also they were cleaned again after all the water had
been removed from the apparatus, before refilling it

with Velocite "BY,
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.

COMPUTATIONS

It was assumed that the mercury in the manometers
" and the oil or water in contact with it was at an average
temperature of 25° C., at which temperature the specific
. /

/
gravity of mercury is 13.353 and that of oil 0,89,

(cu.ft. per sec. at orifice) éug.at orifice)
Velocity in tube =

@ross section area of pipe} . gr. at ave.
temp, of fluid

£t.° /min. So 1 . S
u= X — = x £t.° /min., x —
(7M7) (0.494)2 S,  0.0795 Sm
(60) -
(4) (144)
gDh AH (32.2)(0.494) AH AH
f o= = ' X = 0.01137 —
(for new 24 L u®? (243 (58.25) us2 uz
heater)
(32.2)(0.494) A H AE
F = : X = 0,01267 —
(for cooler) (24)(52,25) us : ue
| (32.2)(0.494) AH A H
T = . X = 0.013%% —
(for old (24)(57.75) u? . u®
heater)
(56) (7T)
AL = . X 0.494 = 0,603 =q.T%.
= 144
(65.5)(T) :
AC = X 0.494 = 0.598 sq.ft.

144
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To convert inches of mercury to inches of oil.

13,83 - 0,89 12.64
inches of Hg, X ~———

ST

Q

ST

o convert inches of cold oil in manometer to inches of

average temperafture of the fluid in the tube

0. 89

———

S

= AH
(cold oil)

AH
{(hot o01il)

orifilce curves are plotted cubic feet per
inches of mercury in contact with water.

reading of mercury in contact with oil

to inches of mercury in contact with water

13. 53-0, 89 1 S 1.008
X - X =R X
Sp 13. 53-1 So © So

t'+670
( ) (2.1 + sp.gr. at 60° F.)

2030
0. 593

(t'+870)
102
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FLUID PROPERTIES

SPECIFIC HEAT - Fig. 10

For oll the specific heat was calculated
by means of the Whitman and Fortsch(s) equation,

SPECIFIC GRAVITY - Fig. 11

The specific gravity of the oil was de-
termined by means of a specific graevity bottle.

- THERMAL CONDUCTIVITY - Fig. 12

’ _ The Morris and Whitmen procedure was
followed in determining the modulus of heat transfer
coefficients and their ve;ue of (k) for oil was taken,
k = 0.078, For water, however, the Jakob(g) equation
was used.

VISCOSITY =~ Fig. 13.

| The viscosity of Velocite "B" was de-
termined by means of a Saybolt viscosimeter over the

entire range from 0-100°C. The thermometer used to de-

termine these temperatures was that used to measure tl.

EFFECTIVE TEMPERATURE DIFFERENCE

A - In the runs made with.water where the
change in temperature difference was relatively great
‘& logarithmic mean value was used. The change in the
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temperature differences when oil was used was relatively
small so that the arithmetic mean was used, Since a
standard copper tube was used the inéide>pipe wall tem-
perature may be essumed to be the same as the outside
wall temperature., In the cooling jacket the arithmetic
mean of the two end thermocouples was used when the ra-
tio of the two was less then 2, while for other cases

the logarithmic mean was used.

The specific gravity, viscosity and fluidity of
water was taken from E. C. Bingham's‘1®) book on "Flutdity
and Plasticity."
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