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constant in King's law equation.

constant in King's law equation.

specific heat at constant pressure, Btu/lb °F.
local skin friction coefficient.

pipe diameter, ft.

friction factor, (sometimes function of).
e U 2

local apparent friction factor = 5 Ix
2o (u,)

mass flow rate, 1b/hr sq ft.

conversion factor, 32.2 1b - mass ft/ 1b - force s-ec2
heat transfer coefficient, q/(t, - t,), Btu/hr £t2 °F.
electrical current, amperes.

778 £t - 1b/Btu.

thermal conductivity, Btu/hr ft °F.

thermal diffusivity, ——
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ABSTRACT

The purpose of this study is to investigate the effect of
initial velocity distribution on heat transfer to air flowing in a
smooth tube. It is known that the geometric form of the inlet to a
heat exchanger tube strongly influences the heat transfer coefficient
in the inlet region. This effect i1s primarily due to the initial velo-
city distribution produced by the inlet. By measuring temperature and
velocity profiles, and point heat transfer rates in the inlet region,
it is hoped to gain a better understanding of the mechanism by which
these effects occur.

Measurements were made for heat transfer to air flowing in
a 1.52 inch inside diameter tube with the following geometric entrances:
1) a long tube which gave essentially fully developed turbulent flow,
and 2) a bellmouth entrance which gave an initially flat velocity
profile. Measurements were taken at distances of .453, 1.13, 1.75,
4.12, and 9.97 tube diameters downstream from the start of heating at
Reynolds numbers of 15,000 and 65,000. Pressure drop measurements were
also made in this region.

Longitudinal and radial temperature gradients, radial heat
fluxes, and eddy diffusivities for ﬁomentumvand heat transfer were com-
puted from the measurements.

The ratio of eddy diffusivity for heat transfer to that for
momentum tranéfer, a, was found not to be a function of length in the
thermal inlet with fully developed flow. Over most of the tube cross-
section the ratio was about 1.5. The ratio @ was a function of length

for the bellmouth inlet.

xiii



The radial heat flux was found to be essentially constant in
the laminar and buffer zones and to vary linearly in the turbulent zone.

Pressure drop due to acceleration effects was found to be
appreciable compared to wall friction losses in the bellmouth inlet.

It is concluded that theoretical analyses which postulate the
same distribution of eddy conductivity in developing thermal boundary
layers as for fully developed ones are valid for the case of fully
developed hydrodynamic boundary layers in the thermal entrance region,
but may be subject to large error when the hydrodynamic and thermal

boundary layers develop simultaneously.
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I. INTRODUCTION

Convective heat transfer to fluids flowing in circular tubes
has been the subject of a large number of experimental and analytical
investigations.

Until recently, by far the largest part of the research on heat
transfer in pipes has been concerned only with the region far downstream
from the pipe entrance where all effects due to inlet disturbances have
vanished. Two factors have been responsible for this neglect of the con-
sideration of inlet effects. 1In the first place, in most conventional
tubular heat exchangers, the tubes are long enough so that the entrance
region comprises only a small part of the total heat transfer area, and
therefofe has little effect on the heat transfer capacity of the unit as
a, whole. In the second place, because of the complexity of developing
flow and temperature fields, mathematical treatment of the inlet region
ig difficult. The analysis is particularly complicated in the case of
“turbulent flow. Therefore, most of the early theoretical treatments of
transfer processes in the inlet length, such as that of Graetz for heat
transfer (19) and Schiller for momentum transfer (53), have been limited
to laminar flow. However, the case of turbulent flow is by far the most
important industrially.

Recent developments such as short tube nuclear reactors and
aircraft heaters,in which most of the transfer area lies in the entrance

region, have credted a need for a more fundamental knowledge of the effect
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of inlet conditions. The general impetus in the last few years in
research in basic heat transfer phenomena has also heightened interest
in the mechanism of heat transfer in the inlet region. Also, the advent
of high speed mechanical and electronic computors has made numerical
solution to several specific cases possible.

Data presented by Boelter (52 and others show that the heat
transfer coefficient inside tubes directly downstream from a turbulence
promoting inlet may be three times that obtained far downstream of the
inlet where entrance effeets have died out. This effect is probably due
primarily to the initial velocity distribution and level of turbulence
produced. For many cases, at least, the first factor is probably the
most important. This is indicated by the fact that Boelter found in his
work that the effect on the heat transfer coefficient of increasing the
degree of turbulence by the addition of screens was negligible.

The purpose of this investigation is to study the mechanism by
which the rate of heat transfer in turbulent flow in tubes is affected by
the initial velocity distribution.

The fact that the initial velocity distribution influences heat
transfer in the inlet region can be explained by a consideration of the
hydrodynamic and thermal boundary layers. In all real (non-ideal) fluids
flowing past a solid boundaiy, a boundary layer due to viscous shearing
stress is present. The hydrodynamic boundary layer in the inlet length

of a circular tube is shown in figure 1.



Figure 1. The Hydrodynamic Boundary Layer
in the Inlet Length of a Circular Tube

Here the fluid is considéred to be moving with uniform velocity
as it enters the tube. At the tube entrance there is é retardation of
the fluid particles next to the wall because of frictional effeéts. A
thin layer then exists in which the fluid velocity builds up from zero
at the wall to'the'core velocity at the édge of the boundary layer. As
the fluid moves down the tube, the thickness of the boundary layer grad-
ually increases, until it merges at the center of the tube. There then
exists the condition described as "fully developed flow.'" For a fluid
with constant physical properties the shape of the velocity profile re-
mains constant after fully developed flow has been attained. The above

description is somewhat oversimplified since there is some change in the
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shape of the velocity profile for a short distance downstream from the
point where the boundary layer merges.

An analogous effect occurs when a fluid of uniform.temperature
flowing through a tube is suddenly subjected to a step change in wall

temperature, as shown in figure 2.

Start of Heating
tO e tw~

; I \\\ 1 \\ \\
| | T~ — N N
flowy | | T —— | \
& | : ’Mﬂ”’-,j”/ )
° —_—— s
—
| Lgf’f:i::“J = —’//
A B C D

Figure 2. The Thermal Boundary Layer
after a Step Change in Temperature

the fluid and wall are initially at the same temperature tg
As the fluid enters the heated section the fluid particles next to the
wall are heated. There is then a very thin layer in which the temperature
decreases from ty at the wall to tgo at the edge of the unheated core. At
a sufficiently great distance down the tube the temperature boundary layer
merges and the fully developed thermal boundary layer is attained. The

distance required for the boundary layer to merge is known as the "thermal
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inlet length." It is to be noted that with the boundary condition of
constant wall temperature postulated here the shape of the temperature
profile continues to change even after the thermal boundafy layer becomes
fully developed. If the heated tube were infinitely long, the fluid would
emerge with a uniform temperature.

The above picture is also an idealized model, for a minute
amount of heat might penetrate to the center even at B. This difficulty
can be circumvented by defining the boundary layer as that layer bounded
by the pipe wall in which the temperature increase over tp is less than
2 % of ty - to.

The thermal aﬂd'hydrodynamic boundary layers may develop simul-
taneously, as when heating starts at the flow inlet; or the hydrodynamic
.boundary layer may be partially or fully develpped at the point where
heating starts.

As can be seen from figure 2, at a point in the fluid next to
the step change in wall temperature, there is a finite temperature dif-
ference t,; - t, over an infinitesimal distance since the thermal boundary
layer has not yet had a chance to develop. This implies that there is}an
infinite temperature gradient at this point. Since the heat flux at the

wall is defined by:

)
a0 =k Gy _ o)
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the heat flux ata step change in wall temperature would be infinite;

and the heat transfer coefficient defined by:

(2)

would also‘be infinite.
Of course, in practice one does not obtain absolute step changes
in temperature. However, very steep temperature gradients are obtained
in the thermai entrance region and -account for the much higher coefficients
obtained there.
The temperature gradient is related to the velocity profile by
the following partial differential equation which governs heat transfer
in flow in a tube where both thermal and hydrodynamic boundary layers are

developing.

§_+v3t SLE +e) 1+ 2 2w+ ) $ (3)

Extensive experimental studies of the effect of two different
initial velocity distributions upon heat transfer were made in this in-
vestigation. The first case was that where the velocity distribution is
fully developed before heating begins. The second was that of uniform ini-
tial velocity distribution with both thermal and hydrodynamic boundary
layers beginning at the same point. In both of these cases the boundary
condition of uniform wall temperature was imposed.

The determination of temperature distribution and heat flﬁx for
these two cases has been accomplished by solwing equation 3 after making

certain assumptions.
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One of these assumptions involves the functional relation for
eddy conductivity e, - For the first case, this has been obtained by
using the analogy between the transfer of heat and momentum, which states
that the ratio of the eddy diffusivity for heat to that for momentum, X,
is equal to unity. The eddy diffusivities for momentum (eddy viscosities)
were obtained using generalized velocity distributions for turbulent pipe
flow.

For the second case, either the analogy has been used or values
of e, determined for fully déveloped flow and temperature fields have been
considered to apply also.to the developing boundary layer. Both these
assumptions are particularly questionable for this case.

Values of & obtained in fully developed flow and temperature
fields range from unity to 1.6, indicating that the analogy is not exactl
correct. No data have been presented for eddy conductivities in the in-
let region of a tube.

Other assumptions which must be made in the solution of equation
3 for the inlet conditions considered are the variation of heat flux rad-

ially (or %E) and the form of the velocity distribution.

This investigation was made with the object of providing a
better understanding of heat transfer in turbulent flow in inlet regions.
By obtaining point temperature and velocity measurements the variation of

such quantities as €, and € the radial heat flux, and temperature and

v?

velocity gradients were obtained as a function of radius and distance

from the inlet.
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This information should be of use in the prediction of the thermal trans-
fer and temperature distribution in turbulent flow streams from a

knowledge of the flow field and boundary conditions alone.

For this investigation, an apparatus was constructed to measure
point heat tranéfer rates and temperature and velocity profiles within
an air stream at varying distances downstream from the hydrodynamic inlet.
Such data were‘obtained for a long tube entrance and a bellmouth entrance

at Reynolds numbers of 15,000 and 65,000.



1T. SURVEY OF PREVIOUS WORK

Empiricavaorrelations

An excellent review of the literature on turbulent heat trans-
fer in tubes is given in "Heat Transmission" by McAdams (L40). For de-
sign purposes empirical equations derived with the aid of dimensional
analysis have found extensive application because of the ease and rapidity
with which they may be used.

For fully deVeloped flow in tubes dimensional analysis predicts

the functional relationship:

hD (DG CpH
k W

TR ) (x)

Dittus and Boelter (13) have presented the following equations for fully

" developed flow:

T = o2k (re)"® (2r)" (heating) (5)
%? = ,0265 (Re)’8 (Pr)‘lF (cooling) (6)

For short tubes where entrance effects are important, the
length to diameter ratio, %,‘must be ‘included as one of the dimensionless
groups in f of equation 4. From experiments of Burbach (6) in the range
L/D = 10 to 400,Nusselt (4k4) concluded that h is proportional to
(D/L.) 1/18. He found this verified by experiments of Eagle and Ferguson

(1%) in about the same range.
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Hausen (21) proposed the following relation which takes condi-

tions in the intake region into account:

2/3

Nu = .116 [(Re) '~ -125] (Pr)l/B (1 (%)2/5] (By0.14 (1)

™=

where by is the viscosity at bulk liquid temperature and Fyy the viscosity

at tube wall temperature.

Experimental Investigations of Thermal Entry Length

The most extensive experimental investigations of heat transfer
in the inlet region for turbulent pipe flow are those of Boelter, Young,
and Iversen (5) and Hartnett (20). Boelter, et al., determined point
heat transfer rates in the entrance region for a wide variety of hydro-
dynamic entrances, including long and short calming sections, bellmouths,
orifices, and elpows. A steam jacket divided into a number of compart-
ments along its length was used for heating,and heat transfer rates were
determined from measurements of the amount of condensate from each com=-
partment. For the long tube entrance the inlet region was found to vary
from L/D of 10 at a Reynolds number of 27,000 to L/D of 15 at a Reynolds
number of 53,000; for the bellmouth the inlet length was O I/D for
Reynolds numbers between 26,000 and 56,000. For wvalues of~L/D greater
than about five the average heat transfer coefficient could be approxi-
mated by the equation havg =h_ (L+P %) where P is a constant for any
given inlet.

Hartnett studied the flow of water and several oils in an elec-

trically heated tube with a long calming section entrance. From heat-
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flux and wall temperature measurements he calculated the Nusselt number

at various distances downstream from the start of heating. His results
are particularly valuable sinece they cover a wide range of Prandtl num-
bers. His results with water covered Prandtl numbers from 7 to 9 and
Reynolds numbers from 16,900 to 89,200, while the oil runs covered Prandtl
numbers from 61 to 480 and Reynolds numbers from 1580 to 46,600.

Al-Arabi and Davies (2) have studied several of the same en-
trances as Boelter, but used water as the fluid.

Cholette (7) utilized a small shell and tube heat exchanger so
baffled that steam could be condensed in separate compartments to obtain
average local coefficients of heat transfer in the inlet region. For an
initially flat velocity distribution he found that the average Nusselt
number was proportional to (D/L)O"l

Heat transfer coefficients for the inlet region have also been
reported by Aladyev (1) for water at uniform wall temperature; Johnson,
Hartnett, and Clabaugh (29) for lead bismuth eutectic at uniform heat

flux; and Hoffman (23) for molten sodium hydroxide at uniform heat flux.

Velocity Digtributions

Careful experimental investigations of velocity distributions
in fully developed turbulent pipe flow have been made by Nikuradse (43),
Laufer (34){ Deissler (10), and Sleicher (59). Measurements between par-
allel flat plates have been made by Laufer (35), Reichardt (48), and
Corcoran et al., (9). Their results are applicable to pipe flow in the

region close to the wall.
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Various equations for correlating velocity distribution data
have been proposed. These equations are described by Bakhmeteff (3),
and Knudsen and Katz (30). The most commonly used correlation for tur-
bulent velocity distributions near the wall is the Nikuradse-von Karman
universal velocity distribution (30). In a review of Nikuradse's data,
Ross (50) shows that for the region O <'§ < .85,u+ is not a single-valued
function of y*, but depends also on Reynolds number. For the inner 85%
of the pipe radius he suggests the data be correlated by plotfing
(u ax” u)/u¥* against 1 - %..

Rothfus and Monrad (51) have presented a modification of the

u+, y+ relationship which does result in a unique correlation of the main
stream velocity distribution inbsmooth tubes and extends the correlation
to the case of flow between ?arallel flat plates.

Data for velocity distributions in the inlet region for the
case of uniform initial velocity distribution have been reported by

Deissler (10) and Weissberg (62). Both authors reported their values as

u/umax as a function of r/a , without attempting a general correlation.
Ross (50) has recently published an analytical solution for the turbulent

boundary-layer flow in the entrance region of a pipe.

‘Eddy Diffusivities

The relations for shearing stress and heat flux in laminar flow

are:

¢ B oy | (8)
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ot (9)
qﬁ =k dy

In an analogous manner, for turbulent flow one may write:

o du (10)

ot
3 (11)

where the second terms in the brackets on the right account for the con-
tributions of turbulent action to the transfer process. Equations 10 and
11 may be considered to be the defining equations for the eddy diffu-
sivity for momentum transfer and heat transfer respectively.
Reynolds (49) suggested that momentum and heat in a fluid are
transferred in the same way and that ev = ec.
Prandtl (47) proposed a theory for turbulent heat and momentum
transfer based on the concept of mixing length. He postulates a model
(figure 3) in which a turbulent eddy travels from one layer of fluid at
y through a distance £ (the mixing length) to another layer (y +4£ ) of
different velocity and temperature. The eddy is considered to retain

the mean temperature and velocity of the original layer during its flight

and to dissipate them into the second layer when it arrives there.
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u(y+2)

u (y)

j
3

4
i

S S

Ffigure 3. Portion of Turbulent
Velocity Profile Showing Mixing Length

The difference between the eddy's old and new velocity is

. du
um(y + 4) - u (y) or approximately Sy

The mass exchange across plane
a per unit area due to eddy exchange is equal to pv. Prandtl makes v to
be of the same order of magnitude as the difference in velocities um
w (y+2) - u (y). The shear between the layers due to eddy motion is
the product éf the mass exchange per second and the difference in velo-
cities of the two layers:

T = e (22 QB) du (12)

g ay’ dy
a similar analysis for heat transfer yields:

- (2 duy dt (13)
qt=— Cp P (£ dy’ dy
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If €, is substituted for ﬂe %% in (12) and €, for ~© %% in (13), we
obtain the expressions for turbulent transfer in (10) and (11).

Jenkins (27) modified the mixing length theory by allowing the
eddy to transfer some of its heat and momentum during its time of travel
over the mixing length. His results predict that the ratio of eddy con-
ductivity to eddy viscosity, q, should be a function of the turbulence
and physical properties of the system, rather than being equal to unity
as in Prandtl's analysis. In particular, one would expect & to vary in
' cases where the turbulent flow field is still developing such as in the
inlet region of tubes or behind immersed bodies.

Experimental values for eddy diffusivities for momentum and
heat transfer have been reported for several different flow systems.
Reichardt ﬂh8), using measurements of velocity and temperature profiles
for pipes by Lorenz (37) and for flat plates by Elias (16), computed
values of a of 1.4 and 1.5 respectively.

From their experimental velocity and temperature distributions
in a smooth heated tube, Seban and Shimazki (56) determined a maximum
value of 1.2 for x ocurring in the region adjacent to the buffer layer.

Isafoff and Drew have determined eddy diffusivities for momen-

tum and heat in turbulent flow of mercury. They found that the ratios

€ €
\4 C . .
z——y——— and z—-—-5———- are functions of radius but not Reynolds number.
v/ max €C.max

For the maximum values of €V and € at a given Reynolds number, they
, c

obtained the relations:

(eV)max = 6.3 x 1077 (Re)'85 (1)
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-8 1.2
(¢ ) =29x10 (Re) 7 (15)
C max
€ ")+6 r
and present their data in a generalized plot of E.9.(Re) Vs. g
» v

Corcoran, et al., (19) computed eddy diffusivities between
heated flat plates. Because of some uncertainty in their data as to the
variation of @ with radial position, they present average values of X
for the whole channel as a function of Reynolds number. These data indi-
cate an increase in o with Reynolds number. However, in a more recent
paper (8) they report that for a slightly different level of turbulence
the reverse trend appears to be true at Reynolds numbers above 20,000.

Careful temperature measurements of Sheppard (58) made with the
objeét of establishing the ratio between €. and €,, yield a value of about
1.6 for this ratio. Cther authors who have reported eddy diffusivities
for tube flow are Sleicher (59) for heat and momentum, and Deiséler (12)
for momentum.

For flow behind heated cylinders it appears that the value of
a is 2 (61). Prandtl (46) suggests that this difference between the
value of @ in boundary layer flow and that in free turbulence may be due
to a difference in the orientation of the axis of the eddies with respect

to the direction of flow.

Analytical Solutions for Heat Transfer in Pipes

The energy equation for a fluid of constant properties in

turbulent flow in the entrance region of a smooth pipe, neglecting heating
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due to pressure changes and frictional dissipation, is (18)

\ (3)
52 (K + ¢ o) grﬂ 7 5— [r (K+ € ) 3_] - u %E %%

where the prime mark indicates that the diffusivities in the x and r
directions are not necessarily equal.

In the solution of this e@uation the first term on the left is
generally neglected, since the amount of heat transferred longitudinally
by conduction is small compared to that transferred by flow. This assump-
tion appears to be validated by the analyses of Deissler (12) and
Poppendiek (45). At a Reynolds number of 21,000 Deissler found the
ratio of axial conduction to bulk transport to be .008 at x/D = 0.8 and
.002 at x/D = 3.1.

For fully developed turbulent pipe flow the mean radial velocity,
v, is equal to zero and the second term on the right vanishes. Equation 3

then becomes: 3
o) , t
5z [t (K + <) 5—] =u 3 (16)

il

Several solutions to equation 16 have been obtained for the
case of fully developed thermal and hydrodynamic boundary layers.
Martinelli (39), Lyon (38), and Deissler (11) considered the case of con-
stant heat flux at the wall, for which _Eﬁﬁl ( ) =constant. They
based their analysis on the analogy between heat and momentum transfer
and used 2= 1 in their numerical calculations.

Martinelli assumed that u is a constant and equal to the mean

velocity. On this basis he used a linear distribution of heat flux
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radially, except in the laminar and buffer layers, where he assumed the
heat flux equal to that at the wall. He used the generalized von Karman-
Nikuradse velocity distributions to determine eddy viscosity.

Lyon and Deissler retained u as a function of r and integrated

the equation numerically. Lyon used the smoothed data of Nikuradse for

his determination of u and €y, while Deissler developed an empirical
equation for ev from his velocity data. In his solution the heat flux
is considered constant across the tube.

Seban and Shimazaki treated the case of fully developed velocity
and temperature distributions with constant wall temperature. They
assumed that a generalized temperature distribution which is invariable

3 t -t
~in the direction.of flow exists such that-g—(t tb) =0 . Momentum dif-
fusivities for the turbulent core were obtained from the Prandtl-
Nikuradse velocity distribution. Numerical solutions were obtained by
use of an iterative method.

Latzko (33) obtained analytical solutions for heat transfer in
the entrance region for three cases: (1) hydrodynamic and thermal states
fully egtablished, (2) hydrodynamic state fully established, uniform
vinitial temperature distribution, (3) uniform initial temperature and
velocity distributions. Using Prandtl's and von Karman's equation for
shearing stress and velocity distribution and the equivalence of eddy

diffusivities for momentum and heat transfer, he wrote equation 16 as

follows:

a® - r° )6/7 ST 1/7 3p

;[r(a 551 = Mr[l-()] <
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a three term solution for case (1) which also applies to case (2) when x

QU
where M = § b By a method of approximation he obtained

approaches © . For the third case he used an integral method for com-
puting boundary layer buildup. Boelter et al., (5) have succeeded in
simplifying Latzko's equations  considerably.

Deissler‘(l2) has also obtained a solution for the case of
initially uniform temperature and velocity distributions using integral
methods for computing velocity and temperature profiles. He assumes
that expressions derived for eddy diffusivities in fully developed
boundary layers apply also to developing boundary layers. Further
assumptions included in his analysis are that @ = 1 and that variations
of shear stress and heat flux across the flow and thermal boundary layers
have a negligible effect on velocity and temperature distributions.

Berry (4) and Sleicher (59) have obtained solutions of equation
16 for the thermal inlet region by the method of separation of variables.
Sleicher obtained numerical solutions for the case of fully developed
flow with a step change in temperature by means of an electronic analog
computor.

Sanders (52) has obtained a general turbulent flow solution for
pipe entrance regions with uniform wall temperature by transforming the
turbulent core to a laminar core of equivalent thermal resistance. ILevy
(36) presents a method by means of which transient heat conduction

solutions can be used to determine temperature distribution of fluids
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flowing in pipes, annuli, and between flat plates. Poppendiek and
Harrison (MS) have reviewed several pipe solutions that are not limited

to an estadblished temperature distribution.



ITI. APPARATUS

In this chapter is described the equipment which was constructed
to obtain temperature and velocity profiles; point wall heat transfer
rates, and pressure drop data in the hydrodynamic entrance region. Dis-
cussion of the hot-wire instrumentation is deferred till Chapter IV in
order to make the discussion of experimental procedure more readily
understandable.

The hydrodynamic entrances chosen for study were (1) a long
straight tube which produced essentially fully developed turbulent flow
and (2) a bellmouth entrance which gave a uniform initial velocity dis-
tribution.

Figures 4 and 5 show photographs of the apparatus with the long
tube and bellmouth in place. A flow diagram of the apparatus is shown in
figure 6. The components of the system may be classified into six divi-
sions: air supply filtration and regulation, hydrodynamic entrance,
heating section, calorimeter, traversing mechanism, and exhaust section.

The air from the supply main, after filtration,passes through
an entrance section in which the initial wvelocity profile is established.
It then passes through a heated tube where the temperature profile is
developed and then through the celorimeter, where measurements of thermal
flux and temperature and velocity profiles are made. In order to inves~
tigate the thermal and hydrodynamic boundary layers at different dis-

tances from the inlet, several interchangeable heating tubes of different

-21-
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Figure 4. Experimental Apparatus with Long Tube Entrance

Figure 5. Experimental Apparatus with Bellmouth Entrance
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length were used. From the calorimeter the air flowed through an ex-
haust section in which the flow rate was determined by an orifice meter,
dfter which it was vented to the outside of the building. The various
components of the flow system are described below.
Air Supply

Air from the 90 psgsig laboratory supply main was passed through
a cylindrical filter containing screens, glass wool, cotton wool, and
activated carbon. A pressure control regulator downstream from the filter
was used to maintain a constant line pressure at a point ahead of the
final throttling valve. By maintaining a constant pressure at the inlet
of the test sectioh a constant flow rate was obtained, since differences
in air density in the test section during a run due to changes in atmos-
pheric pressure and temperature were negligible. After throttling, the
air was conducted to the test section in a one-inch flexible hosé. This
arrangement permitted entrance sections of different lengths to be installed

without complicated changes in piping.

Hydrodynamic Entrances

1) Bellmouth

To remove turbulence effects and non-symmetry in flow generated
by the pressure regulating system and hose, a calming chamber was placed
before the bellmouth. The hose from the throttling valve was coupled to -

a diverging nozzle which expanded the area for flow up to the four
inch diameter of the calming section. The calming chamber consisted

of an eight inch length of four inch diameter Carlon pipe.
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A sméll electrical heater consisting of two layers of 30 gage
enameled constantan wire criss-crossed on a plastic disk was placed at
the entrance of the calming section. The purpose of this heater was to
control the temperature of air entering the test section, primarily for
probe temperature calibration as will be described below.

Power input to the heater was regulated with a Powerstat auto-
transformer. The capacity of the heater was such that it was possible to
raise the temperature of the incoming air by about 10°F at the highest
flow rate. Because of the small thermal capacity of the fine wire, tem-
perature changes in response to changes in heater power were very rapid
and fine control was possible.

Two l/l6—in. mesh monel screens were placed in the calming
section downstream from the heater. The purpose of these screens was
to break up any large eddies that might still be present and to smooth
the temperature distribution produced by the preheater. Available cor-
relations for the decay of turbulence behind screens (32) indicate that
most ‘of the fine scale turbulence produced by the screens would be
dissipated before the fluid left the calming chamber.

A thermocouple to measure the temperature of air entering the
test section was placed in the calming section downstream of the last
screen. The couple was placed in a thermal well which consisted of a
piece of 3/32-in. stainless steel tubing which extended to the center of
the chamber. To prevent disturbance of the initial velocity profile, the

well was withdrawn during the taking of velocity and temperature profiles.
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The bellmouth entrance was flanged directly to the cdlming
section. It consisted of a converging nozzle wmachined from aluminum
‘such that the inside diameter was reduced from 4 to 1.520 inches in a
length of about 5 inches. Because of the system of flanging used, 1t was
necessary that the nozzle.be constructed with a straight run 15 inches
long at its outlet end. This is sdmewhat unfortunate, since the hydro-
dynamic boundary layer thus starts building up slightly before heating
begins. Howevef, since there is some boundary layer buildup in the con-
verging portion of the nozzle, the complication introduced is only a
matter of degree.

Preliminary investigations of velocity and temperature profiles
both with and without the calming section preheater in operation showed
that the nozzle producéd uniform temperature and velocity fields except
for a thin boundary layer next to the wall.

Besides its use as a distinct entrance, the bellmouth preheater
combination was also installed upstream of the long tube entrances in all
runs in which it was used. The purpose for this was to insure a uniform

and definable velocity distribution before the long tube entrance.

2) Long Tube Entrance

The long entrance consisted of a 66 inch long thick-walled cop-
per pipe 1.520 inches inside diameter and 1.900 inches ‘outside diameter.
This length of h3.5 L/D was sufficient to give essentially fully developed
turbulent flow. The required values usually recommended for attaining fully

developed turbulent pipe flow vary from 50 to 100 pipe diameters. No set
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value can be determined, however, for the critical L/D depends on the
smoothness of entry as well as the Reynolds number. Velocity distribu-
tions taken at various distances downstream from the long tube entrance
showed that flow was fully developed near the wall, although there was
still some development occuring in the center portion of the tube.

The long tube entrance was also equipped with pressure taps at
distances of 1, 3, 5, 15, 30, 44,5, 61, and 65 inches from the starting
end. Pressure taps consisting of 1 inch lengths of thick walled l/8_inch
O. D. stainless steel hypodermic tubing were soft soldered to the copper
tube.

The pressure tap holes were formed by first drilling a 1/32
inch hole through the copper tube wall, and then counterboring partway
through from the ocutside to form a holé into which the stainless steel’
tubing could be driven before soldering. Burrs on the inside of the tube
were removed by the honing process described below. To reduce the pos-
sible influence of one static hole upon the one downstream from it, az-
imuthal positions of the holes were staggered on two different generating

lines of the pipe located about ten degrees apart.

Heating Sections

(l) Steam Jackets

Four different heating sections with lengths of 1.025, 1.975,
'3.540, and 14.45 inches were used to obtain different heated L/D's, Only
one of these sections was used at a time. Each section was machined from

the same dimension pipe as the long tube entrance.



-28-

For the longer heating sections , steam appeared to be the most
satisfactory medium. This choice was based on the fact that with condens-
ing steam the outside coefficient would be on the order of several thou-
sand while the inside coefficient would be about one-hundredth as large.
Thus the inside coefficient would be controlling,and little longitudinal
temperature gradient would be expected along the tube.

The two longest heating sections consisted of steam Jjackets
constructed as shown in figure 7. Copper rings 1/8 inch thick were ma-
chined so that they would slip over the thickwalled copper pipe and fit
inside the outer Jacket, which was made from standard three inch copper
pipe. The steam jackets were assembled with solder. One-eighth inch brass
nipples were soldered to the Jjacket to provide a steam inlet, condensation
outlet, and a-tap for a manometer line.

Five thermocouple holes were drilled in each jacket, two in the
upstream end and three in the downstream end. The holes were .020 inches
in diameter and drilled at an angle so that they came within .020 inches
of the inside wall at a point about l/h inch from the end of the Jacket.
Thirty-six gage chromel constantan thermocouples were inserted to the
depth of the holes and secured with porcelain cement. The purpose of
these thermocouples was to estimate the degree of uniformity of the wall
temperature distribution both radially and longitudinally.

All thermocouples used in the apparatus were made from 36 gage

chromel constantan wires. The two wires were twisted together and then
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fused in an acetylene flame. The length of the bead was trimmed to about
.02 inches and the tip painted with microstop electroplating lacquer.

The thermocouple cold junction was immersed in purified kero-
sene in é thin glass tube which was placed in melting ice in a well-
insulated thermos bottle.

The thermocouple and cold junction leads entered a well insulated
wooden box which was lined with copper to assure its being isothermal.
Forrthermocouples in the heating—lengths this' connection was made by
multi-conductor connectors so that only the heating length being used
was connected. The box housed four Leeds and Northrup 2-pole, 12-posi-
tion selector switches, type 31-3.

Copper wires connected\the switches to a ILeeds and Northrup
type K-2 potentiometer. The error signal from the pofentiometer was
fed to a Liston-Becker model 14 D. C. breaker amplifier, whose output
was fed to a Brown Electronik potentiometer used as an indicating gal-
vanometer. It is estimated that the precision of temperature measurement
was about .03°F.

Two thermocouples were calibrated in a constant temperature
bath against a platinum resistance thermometer calibrated by the Bureau
of Standards, A calibrated Leeds and Northrup Mueller bridge was used to
measure the thermometer's resistance. The thermocbuple calibration is
shown in figure 35 . It agrees closely with that given by General

Electric (17) for their chromel-constantan couples.
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The rest of the thermocouples in the apparatus were then cal-
ibrated against the standardized couples under isothermal conditions.

Steam from the 120 psig supply main was throttled down in three
stages to the pressure in the jacket. Since the desired wall temperatures
were usually in the range of 100 to 110°F, corresponding to saturation
pressures of 2 to 2.6 inches mercury, it was necessary to exhaust the
condensate under vacuum. This was ‘accomplished by a vacuum pump drawing
through an ice trap and then a dry ice trap. An air bleed was provided
on the pump as a means of fine pressure adjustment. At the low steam
flow rates required, there was a tendency toward surging due to accumula-
tion of condensate in the supply lines. This was overcome by drawing a‘
considerable amount of vapor through the steam jacket and condensing it
in the ice trap. The total amount of steam condensed during a six hour
run usually amounted to about a gallon.
(2) Electrically Heated Sections

Because of the difficulties involved in controlling minute
quantities of steam, electrical heating was used on the two shortest
heating sections. The outer side of the thick walled copper pipe was
painted with electroplating enamel and then wrapped with tissue paper to
provide a non-conducting surface. The insulated pipe was then wound with
1/8 inch wide chromel ribbon with about 1/16 inch spacing between turns.
Heating current was supplied by an adjustable autotransformer operating
from a 220 volt source which was smoothed by a Sola constant voltage

transformer.
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Thermocouples were located at the same positions as in the
steam jackets, except that with the electrical heaters it was possible
to drill the holes perpendicular to the tube wall rather than at an

angle.

Calorimeter

The details of construction of the calorimeter are shown in
figure 8. Essentially it consisted of a one inch segment of thick-walled
copper pipe, electrically heated by a closely wound 1/8 inch wide by .0126
inch thick chromel ribbon and surrounded by a heated guard to prevent ex-
ternal heat losses. The dead air space between calorimeter and guard was
‘filled with loosely packed cotton to reduce convection. The calorimeter
segment and guard, also of copper, were electrically insulated from their

resistance windings as described above for the electrical heating
Sections. The outside of the guard was wrapped with 36 gage chromel wire
and heated with current from an Adjustavolt autotransformer. The
calorimeter and guard heater resistances were approximately 1.35 and

140 ohms respectively.

The guard heater was insulated thermally from the adjacent
sections of the guard by disks of Continental-Diamond grade xx~13 paper-
base laminated phenolic plastic (thermal conductivity approximately .25
BTU/hr £t°F.) The thermal expansion coefficient of this material is
almost identical to that of copper, thereby reducing the poésiﬁilities of

unequal expansion. The calorimeter segment, plastic disk, and guard
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heater segments were held in alignment by means of .025 inch diameter
chromel pins, as shown in the diagram.

Thermocouples were located in the ends of the calorimeter seg-
ment and at corresponding points in the guard so that by adjustment of
guard and calorimeter heater currents, it was possible to maintain cal-
orimeter wall temperature and guard wall temperature very close to each
other. Under such isothermal conditions there was no loss from the cal-
orimeter to the surrouhdings and the total heat input to the calorimeter
could be considered to flow through the pipe wall into the air stream.

Current for the calorimeter heater was obtained from two 6-volt
storage batteries connected in parallel. A battery charger was floated
on the line during operation to reduce the drain on the batteries and
provide a more constant current. Calorimeter current was controiled by
a resistance network consisting of several fixed resistors with shunting
switches and a slidewire for fine adjustments.

Péwer input to the calorimeter was obtained from measurement of
the voltage across the calorimeter winding terminals with a calibrated
D. C. voltmeter and measurement of current was done by determining the
‘potential drop across a calibrated .0l ohm resistancé with a Leeds and
Northrup student type potentiometer.

Alignment of célorimeter, heating section, and entrance section
was accomplished by means of male and female joints as shown in figure 7.
All sections were carefully honed to a 30 micro-inch finish to ensure

smoothness of surface and avoid steps in the inside wall surface at Jjoints
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between sections. The maximum step found between sections was estimated

to be on the order of .00l inch.

The components of the test section were held together with 3/16
inch machine screws acting upon steel flanges .20 inches thick ﬁith six
.20 inch holes located on a 3 1/2 inch bolt circle. The system was so
designed that no flange was connected directly to the calorimeter or the
thickwalled copper pipe of the heating sections. This was necessary since
any flange mounted on the heat transfer surface would have disturbed the
wall temperature distribution.

For runs using electricélly heated sections, the entire assem-
bly was held together by one set of tie bolts running across the heating
section and calorimeter from a flange on the entrance section to one on
the traversing mechanism. With\the steam jackets, intermediate flanges
soldered on each end of the outer wall of the Jjackets were used.

Thin gaskets of soft polyethylene sheeting were inserted between
sections as shown in figure 7. The thickness of gasket used was somewhat
greaterlthen thé width of the gasket space. The tie bolts were drawn up
till the mating metal surfaces were in contact (as evidenced by visual
ingpection of the inside wall surface). This compressed the gaskets suf-
ficiently to prevent leakage. Lock washers were used on all tie bolts.‘

A carefully machined .20 inch thi¢k disk of glass fibre lam-

inated phenolic plastic (thermal conductivity .29 BTU/hr ft°F) was in-

serted between the hydrodynamic entrance section and the heating section

‘in all cases. The purpose of this disk was to reduce end loss and more
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nearly approximate the condition of a finite step in wall temperature at

the start of the heated length.

BExhaust Section and Gross Flow-Measurement

To obtain the gross flow rate a sharp edged orifice was located
in the exhaust system used to vent the heated air from the test section
to the outside of the building. The orifice was located in a 2 1/2 inch
pipe and had a hole diameter of 1 1/2 inéhes. Pressure taps were made
by drilling a l/l6 inch hole in the pipe wall, counterboring the outside,
and silver-soldering a short piece of l/h inch copper tubing in the hole.
Vena contracta taps were used. Orifice temperature was measured by a
mercury-in-glass thermometer located downstream from the vena contracta.

The orifice installation was designed in accordance with the
specificatioﬁs for meter runs and orifice plates suggested in Stearns
(60). However, since space limitations made it necessary to use a meter
run somewhat shorter than that recommended by Stearns, a calibration was
made of the orifice in place. A series of critical flow orifices was
used as the standard. Excellent agreement was obtained between results
obtained for different critical flow orifices for the ranges in which they
overlapped. The éalibration obtained agreed within three per cent with
the theoretical predictions from Stearns. The slight deviation was prob-

ably due to the shortened meter run.
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Pressure Measurement

Two manometers were used for measurements of orifice pressure
difference, static pressures, and pitot heads. Meriam red oil (sp. gr. =
.817 at 85°F) was used as the manometer fluid in both instruments.

Pressure differences under .70 inch of meriam red oil were
measured on a micromanometer which read directly in thousandths of an
inch of meriam red oil.

A U-tube manometer was used for greater pressure differences.
Differences in manometer fluid level were measured with a cathetometer
which read to .0l cm.

Tygon tubing was used for the pressure‘iines from the orifice
and test section static taps and the total head tube. A manifold con-
sisting of several three-way glass stopom cks connected with tygon tubing
allowed pressures in different points of the system to be read on either

manometer without disconnecting pressure lines.

The Temperature-Velocity Probe and Traversing Mechanism

Radial temperature and velocity profiles in the flowing stream
were made with a hof wire anemometer probe. A photograph of the probe is
shown in figure 9. It consisted of a piece of 1/8 inch stainless steel
tubing of 1/32 inch wall thickness bent to the shape shown.

Before bending, two insulated copper wires were passed through
the tube and soldered to steel sewing needles. The needles were then
lacqueréd except at the tips, bound with thread to the tubing, and

covered with successive layers of Saureisen cement.
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Figure 9. Velocity-Temperature Probe
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During this process the needles were bent so that, when the
shaft of the probe was held in a vertical position, the tips of the two
needles would lie in the same horizontal plane. The Saureisen coating
was sanded to a smooth streamlined shape and lacquered. This technique
produced a stiff probe which could not vibrate in a rapidly flowing air
stream.

The actual sensing element of the probe consisted of a fine
platinum wire soldered across the tips of the needles. Platinum wire
.0003 inches in diameter is obtained imbedded in the center of silver
wire .003 inches in diameter (Wollaston process). A short length of this
wire is placed across the needle tips and one end soldered to one of the
tips. Then, under a very slight tension, the wire is soldered to the
other needle. The wire must be at right angles to the probe tips and
horizontal with respect to the.shaft axis. The surplus wire on either
end is trimmed off with scissors.

The silver is then etched off the center portion of the wire
with a jet of dilute nitric acid solution through which a small current
is passed. Completion of the etching process is indicated by a very
sharp drop in the etching current. The amount of tension under which
the wire is soldered is quite critical, since with too small tension
the wire will not be straight, while with too much tension it will break.
The etched portion of the wire was usually about .O4 inches long, while

the distance between needles was .1k inches.
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The probe was installed in a section of plastic pipe adjacent
to the downstream end of the calorimeter. A shaft bearing for the probe
was constructed by filling a 1/8 inch close pipe nipple with brass and
then carefully boring it out to a tight fit. The nipple was screwed
into a high pressure tubing-to-pipe connector, the tip of which was
filled with graphite-string packing and which served as a packing gland.
This assembly is shown in figure 9.

The connector was screwed into a tapped hole in the plastic
pipe. The probe extended upstream so that the tip was located at the
center (in the axial direction) of the calorimeter.

The mechanism for traversing the tube radially is shown in
figure 10. It consisted of a micrometer barrel rigidly mounted above
and on the same axis as the hole into which the probe bearing assembly
was screwed. The barrel bore down on a 3/8 inch steel ball fixed to
the top of the probe. The probe was held up against the micrometer
spindle by small steel cables on each side which ran over pulleys and
on which weights were hung.

A pointer was attached near the top of the probe shaft so that
the probe could be turned around the shaft axis. This pointer was secured
to a moveable guide mounted on the rear flange of the plastic section.
With this arrangement it was possible to align the probe tips parallel
to the tube axis.

A total head tube assembly was mounted in the side of the

plastic section 90 degrees around the tube from the hot wire probe.
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Figure 10. Traversing Mechanism
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This probe extended forward into the calorimeter to a point about 1/8
inch downstream from the hot wire probe tip. The total head tube was
used for calibrating the hot wire for velocity and was mounted in a
packing gland so that it could be retracted against the wall when not
in use. Three static pressure taps were equally spaced around the
plastic tube 1/4 inch downstream from the calorimeter so that it was
possible to check for possible differences in static pressure readings
due to the presence of the hot wire and pitot probes in the calorimeter.
However, no such difference was found and only the top tap was used

during the experimental work,



IV, EXPERIMENTAL AND CALCULATION PROCEDURES

Velocity Profiles

Excellent reviews of the theory and techniques of hot wire
anemometry have been presented by Kovasznay  (31) and Willis (63).
The operation of a hot wire for determination of mean local speed
depends on the relation between the rate of cooling of a small electric-
ally heated wire placed in a gas stream, and the local velocity of the
stream; For a heated wire placed normal to the stream, the relation
between the rate of electrical heat production in the wire and the rate
of loss to the stream for steady state can be expressed by the equation

PR = (& + B Wu) (T - t) (17)

where t denotes fluid temperature, Tw the wire temperature, R the wire
resistance and A' and B' aré constants depending on the dimensions of

the wire and the physical properties of the fluid. The resistance of

the wire is given by

R=R_(1L+8T) (18)

where B denotes the temperature coefficient of resistance of the wire
and R  is wire resistance at 0°F.

Combining (17) and (18) yields

;2B R Ry

R - Ra

= A' + B' Wu

where Ra is the wire resistance at the air temperature t. Thus, if i
is kept constant and the quantity‘R/R - Ra determined for several
known velocities, a plot of~Jh against R/R - Ra should give a straight
line calibration.
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The hot wire circuit is shown in figure 11l. . Current was
supplied by a 24 volt storage battery. With the double pole, double throw
switch "A", it was possible to send either a large current (about
65 ma.-) for measuring velocity or a small current (about 1.5 ma.) for
measuring air temperature through the 10 ohm precision resistor and the
hot wire. With the large current, the equilibrium temperature of the
wire was from 100°F to 250°F above the temperature of the air stream,
depending upon the point velocity. The resistance determined at this
temperature was used as R in equation 19.

The wire resistance measured with the 1.5 ma. current Qassing
through it was used as R_ in equation (19). Adjustment of either cﬁrrent
within rather wide limits was possible with the variable resistors includ-
ed in each branch of the‘parallel circuit.

The voltage drop across either the hot wire or the 10 ohm
precision resistor waé measured with the K-2 potentiometer and amplifier-
galvanometer system mentioned above in connection with determination
of thermocouple EMF.

The current flowing through the hot-wire was determiﬁed from
the potential drop across the 10 ohm resistor; this together with the
potential drop across the wire allowed the hot wire résistance to be

computed. A small correction was applied for hot-wire lead resistance.
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Because of the presence of fluctuating velocity components due
to turbulence it was necessary to include an R-C damping circuit to
obtain readings of mean velocity. These fluctuations were generally
small in the center of the stream, went through a maximum with increas-
ing radiug and then diminished as the wall was approached. This trend
closely resembled that found for the eddy diffusivities.

Wire velocity calibrations were made using the total head tube
mounted at right angles to the hot-wire probe. The center velocity was
determined by the total head tube; it was then retracted and the hot-wire
probe moved into the center and readings taken. The procedure was re-
peated for several velocities over the range to be investigated and the
results plotted as Ju against -ﬁ—glﬁg . This plot gave a straight line
except at very low velocities, where there was a slight curvature probably
due to a change in the flow regime of the air over the wire.

In computing velocities from total head tube readings, the
impact tube coefficient was considered equal to unity and a small correc-
tion applied for the pressure drop along the tube between the points where
the total and static pressure were measured. The accuracy of velocity
measurement varied from 0.5% at moderate velocities to 5% at 6 ft 1 sec.

In the region very close to the wall errors are introduced due
to non-linearity of the wire responée to fluctuating velocity components
and heat transfer from the wire to the wall. These effects are discussed

in the next chapter.
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Mean flow rates were computed by graphical integration of the

velocity profiles using the relation:

2 8
Uy = ;5\/f urdr (20)
0

Mean flow rates computed by equation (20) agreed within 3% with those

determined from orifice measurements.

Temperature Profiles

Temperatures in the air stream were measured by using the hot-
wire anemometer as a resistance thermometer. This technique has been
described by Schlinger (54) and Sleicher (59). The experimental procedure
was the same as that described for obtaining the wire resistance at air
temperature, Ry, described under Velocity Profiles. Since the resistance
of the wire is a function of temperature, the wire temeprature can be
calculated from its resistance after calibration.

Actually, because of aerodynamic and electrical heating effects
the wire is at a temperature slightly higher than the static temperature
of the stream. These effects were not important in the determination of
Rg for velocity measurements since they were taken in account by the cal-
ibration procedure. However, corrections for them must be applied for
accurate temperature measurement.

The stagnation temperature of a flowing stream of gas is given
by: 2

u
t =t + 55—
s 2%0 JCp (21)
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The wire with no current actually comes to a temperature less than tg

given by: u2

TW =t +7 Eg;‘?ﬁ;

(22)
where 7 is the "recovery factor". Hottel and Kalitinsky (2&)_experimen-
tally determined an average value of 7 = .66 for a range of velocities
similar to that employed. They found that for small wires 7 was nearly
independent of diameter. The correction due to aerodynamic heating was
calculated from equation 22 using 7 = .66.

A correction is also necessary for heating of the wire caused
by the current used to measure its resistance. This correction can be
compufed from'generalized correlations for the heat-transfer coefficients
of cylinders in cross-flow as given by McAdams, p (40). For wires with
length to diameter ratios of the magnitude used here (about 130 to 1)
end losses from the wire must also be considered. The fine wire is heated
by the current, but the heavier supporting silver wires may be assumed to

be close to T the temperature assumed by an adiabatic wire. Some of the

w2
heat generated in the wire is thus conducted from the platinum wire at
its ends

The latter two correctidn; may be combined in a manner described
by Sleicher (59). The differential equation describing the temperature
of a wire with uniform heat generation per unit length,AQ; uniform heat-

transfer coefficient h along its length axis x; and ends and surroundings

at t = o is:
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OT
w L4 n L Q
- - —=T + =0 (23)
ox kWD Yox ﬂDz
W
t (0) =0

t (oo) = finite

The solution of the equation 23 is:
, .
-—S-11.."p (e

W nk _Nu
a

¢=2~/Nu_li§
k
W

Integrating equation 2l over the wire length L gives the average wire
_temperature as: - X/D
(1) == (1 ° )

W avg T NU ¥y X/D° T ¥ X/D (25)

where the term in brackets is the correction to account for conduction
cooling at the ends. This correction, which increases with decreasing
 velocity, amounted to 16.5% at a velocity of 10 ft/sec.

Radiation corrections were found to be negligible. The temper-
ature corrections are plotted as a function of vélocity in figure.lQ.

The turbulent véxocity fluctuations mentioned in the section on
Velocity Profiles caused corresponding fluctuations in temperature. The
KPE'potentiometer'was balanced by estimating by eye the setting at which
the mean of the galvanometer settings was zero. Settings were reproduc-
ible to + .25 microvolt or better, which corresponded to a maximum error

in temperature of * .08 F.



- o
tGAS’ °F

twire

1.6

-50-
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B - Equation (25) Correction
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Figure 12. Temperature Corrections for .3 mil Platinum Wire
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The temperature probe was calibrated against a thermocouple
located in the center of the tube downstream from the probe. The instal-
lation of this thermocouple was discussed in the chapter on apparatus.

The prehéater in the calming section was used to heat the air
stream to several different temperatures covering the range to be employed
in the test run.

Since the calibration couple was left unshielded in order to
ensure rapid/response it was subject to aerodynamic heating effects. It
was assumed that the Tecovery factors for couple and wire were equal.
Although this assumption is not absolutely true, little error was intro-
duced on account of it because of the fact that temperature calibrations
were made at a low speed (about 10 ft per sec.) where aerodynamic heating
effecté only amounted to .02CF.

The wire was calibrated far temperature and velocity before
every run and several check points were taken after the run. In a few
instances the calibration changed markedly during the run; probably -due

to a stretching of the wire by a small particle in the air stream.

Location of

The point at which the hot-wire probe tips made contact with the
upper wall was determined electrically by measuring the resistance between
the probe and the wall. Before each run a check was made to see that the
probe needles were aligned with the axis of the tube (the meam flow
direction.) This was done in the following manner: The probe was brought

to within a few thousandths of an inch of the estimated position of the
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wall. The probe tip was then rotated about its axis so that first one
side of the probe tip touched the wall,and then the other. The approxi-
mate center position was noted and the probe raised slightly. This pro-
cedure was continued until the angular position of the probe was found
that would result in both sides of the probe touching the wall simulta-
neously as the probe was raised. This position was maintained by locking
the probe pointer guide.

The dimensions of each hot-wire were determined by measurement
under a microscope equipped with a calibrated traveling diaphragm. Figure
13 is a vie& of the probe with the probe tips in contact with the wall, .

as it would appear to the stream of air in the tube.

Figure 13. Dimensions of Hot-Wire Probe
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The distance yrof the middle of the fine wire from the wall is

given by the relation:
y=a(1l- Js2/ua2)
(26)

This distance was considered to be the distance of the wire from the wall
when the probe and wall were in electrical contact. Although not all parts
of the wire were at the same distance from the wall, this was a good ap-
proximation, since the sensing element consisted only of the center third

of the wire.

Experimental Procedure

The’cold Junction was filled at least an hour before the start |
of the run to ensure its being at 09C. Before the run the hot-wire probe
was calibrated for both temperature and velocity.

The flow rate was then set and the inlet temperature determined.
The heaters and steam jacket (if used) were then turned on. Careful ad-
Justment of heater inputs and steam flow rates was made until all parts
of the equipment were at the proper temperature level. Special effort
was made to get temperatures at adjacent points in the calorimeter and
guard as ﬁearly equal as possible. The average difference between adja-
cent points was less than .1°F. This procedure of equalizing temperatures
generally took two to three hours.

The probe zero position was then checked and a temperature tra-
verse started from the center of the tube and carried to the wall. A

velocity traverse was then taken at the same points as the temperature
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traverse. Although the temperatures could have been computed from the
wire cold resistances obtained as part of the velocity traverse, it was
considered more satisfactory to complete the temperature measurements as
rapidly as possible after thermal equilibrium was established.

Wall and inlet temperatures, flow rate, and probe calibrations
were checked at the conclusion of the run. The maximum difference between
initial and final inlet temperature was .3°F, or a little over 1% of the
operating At, while initial and final flow rates agreed within 1%.

For each entrance and L/D ratio-runs were made at Reynolds

numbers of 15000 and 65000.

Physical Properties of Air

Values of the density, viscosity, specific heat at constant
pressure, and thermal conductivity of air were required for calculations
from the experimental data.

The density was computed from the perfect gas law. Other
physical properties were obtained from the "Handbook of Supersonic

Aerodynamics" (28).



V. DISCUSSION OF RESULTS

In this investigation velocity and temperature distributions
and point heat transfer rates were obtained in the entrance region for
air flowing in a 1.520 inch inside-diameter heated pipe. The two hydro-
dynamic entrances investigated were 1) a straight tube 66 inches (43.3
pipe diameters) long which gave essentially fully developed turbulent
flow and 2) a bellmouth entrance which produced an initially flat velo-
city distribution. Temperature and velocity profiles and point heat
transfer rates were taken downstream from the long tube entrance at
length-to-diameter ratios of .543, 1.13, 4.12, and 9.97 after the start
of heating and after the bellmouth at X/D's of .543, 1.13, 1.75, k.12,
and 9.97 after heating began. For each entrance and X/D, runs were made
at Reynolds numbers of 15,000 and 65,000. The upper limit of Re =
65;000 was the maximum flow rate that could be obtained with good con-
trol'from the air supply system. The lower limit was chosen to give
as wide a range as possible, and yet ensure turbulent flow in the
fully developed hydrodynamic boundary layer. Pressure drop measure-
ments in the entrance region were taken for these flow rates.

As mentioned in the discussions of equipment and experimental
procedure above, only one X/D could be investigated during each
Thus, for a given entrance and Reynoids number, there wére small dif-
ferences in initial temperatures, wall temperatures, and flow rates be-
tween runs teken at different X/D's.

In order to put profiles taken at different X/D's on a com-
parable basis and to permit the calculation of longitudinal gradients,

the following dimensionless quantities were introduced:

-55-
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Gross values for the heat transfer runs are reported in
Table I of Appendix B while point values for velocity and temperature
profiles are given in Table II of Appendix B. The results given in

these tables and the pressure drop studies are discussed below.

Pressure Drop

The pressure gradient as a function of length is shown in
figures 1% anad 15 for the long tube with belimouth entrance. These
data were taken with the 15 inch steam Jjacket in place so that the
total length over which data were taken was 82 inches or 54 X/D.
Pressure drops were measured differentially, with all differences being
taken between adjacent taps. This was done since a very small change
in flow rate could cause very large errors in pressure gradients com-
puted from integral measurements, while having little effect on dif-
ferential measurements. It also permitted the differenced data to be
plotted directly and a smooth, equal area curve drawn through the
increments.

Pressure differences between the closely spaced taps in the

inlet regien were relatively small and difficult to determine
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accurately. For the first three taps at the lower flow rate there
were periodic fluctuations in manometer readings of about .00l inch mag-
nitude, compared to measured pressure differences of about .0035 to .005
‘inches. However, these readings were reproducible within limits of less
than 10 percent, while uncertainty in measurements located further down-
stream where taps were spaced further apart was about 3 percent.

Therpressure gradient became essentially constant at an L/D
of 45 for Re = 15,000 and L/D of 25 for Re = 65,000.

| The average values of friction factors computed from several

runs in the region of constant pressure gradient were Very_close to
those reported byMoodyu2 for fully develdpéd flow in smooth pipes. It
should be noted here that the point at which the pressure gradient be-
comes constant is not the same as that at which the velocity profile
becomes stabilized, since slight changes in the center of the profile
occur without measurably influencing the pressure drop.

From figure 14 it is seén that for the Reynolds number of
15,000 the pressure gradient first decréases with length, then rises,
goes through a maximum, and diminishes to its asymptotic value. This
can be explained by the fact that, even for high Reynolds numbers for
which the fully-developed flow is turbulent, a laminar boundary layer
is formed at the entry of the tube. This layer increases in thickness
along the length of the tube and at some distance from the entrance
undergoes transition and becomes turbulent. The point at which tran-
sition takes‘place depends on the Reynolds number, the entrance con-
dition of the fluid, and the condition of the tube.

Pressure gradients based on wall shear stress and computed

from velocity gradients at the wall are also plotted in figure 14,



These points lie considerably below the smoothed equal area curve ob-
tained‘ffom wall static pressure measurements. This fact can be ex-
plained by a consideration of boundary layer momentum forces.

The pressure drop in the tube entry is equal to the sum of two
terms, the pressure loss due to skin friction plus a term representing -
the longitudinal rate of increase in momentum flux. The latter effect
is associated with theldeveloping velocity profile. As the boundary
layef thickness increases,‘the frictionless core of the flow outside the
boundary layer undergoes a contraction in cross-sectional area and is
‘therefore accelerated. The increasing core velocity produces a pressure
gradient along the pipe.

Shapiro, et al.,57

on the basis of their experimental results,
have proposed the following relation for the local apparent friction

factor in a laminar tube entry:

£ =1.72Re 2
app 7 N (27)
where f D is the friction factor computed from wall pressure drop mea-
ap
surements. For laminar flow over a flat plate with zero pressure grad-
18

ient the local skin friction coefficient has been found to be

C, = 0.66k JReX (28)

Thus the local apparent friction factor for a pipe entry is 2.59 times

as great as the local skin friction coefficient for a flat plate.
Theoreticala.nalyses57 show that, although there is & pressure

gradient in a tube whereas there is none for a flat plate, the boundary

layer behavior in a-tube entry is substantially identical with that'on
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a flat plate. Conseyuently, the actual skin friction coefficients
(based on wall shear stress) are the same for the tube entry and the
flat plate.

From these considerations it is seen that in the laminar tube
entry the pressure drop due to momentum changes is 1.59 times as large
as the pressure drop due to wall friction, or 39 percent of the pres-
sure drop in the tube entry is caused by wall friction while the remain-
ing 61 percent is caused by momentum changes. These figures are ohly
valid near the entrance where the boundary layer thickness is small
compared with the pipe radius.

The total apparent friction factor and the skin friction
coefficient, based on velocity gradient at the wall, are shown in
generalized form in figure 16. Points for the apparent friction factor
ﬁere computed using pressure gradients read from the smoothed curve
of figure 14. The skin friction coefficient near the entrance is seen
| to run from about 27 percent to 30 percent of the total apparent fric-
tion factor, then gradually approaches the apparent friction factor
at further distances downstream.

Eguation 27 , as proposed by Shapiro, is also plotted on
figure 16. Although the slopes of the two curves for apparent friction
factor are the same, Shapiro's line lies somewhat above that of the
present investigation. This is apparently caused by a difference in the
entrance condition of the fluid. This is indicated by the fact that
Shapiro'fOund transition occurring at a length Reynolds number of 5 x

lO5

, while in the present study transition occurred at Rex of about
1x 105. This was probably due to the fact that in this case the en-

trance was not intentionally constructed so as to encourage the laminar
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flow regime. The net result appears to have been a shifting of the
curve of figure 16 to the left.

As can be seen from figure 15, for the Reynolds number of
65,000, the transition to turbulent flow appears to have taken place
very close to the entrance. It was not possible to compute skin fric-
tion coefficients in this case since the velocity gradients near the
wall were still increasing and the gradient at the wall could not be

accurately defined.

Point Heat Fluxes

Heat fluxes were computed from measurements of power input
to the calorimeter, determined from voltage and current measurements.
Two corrections were applied to these values.

First, a correction was applied for conduction losses through
the plastic insulating disks betweenlthe calorimeter segment and the
adjoining sections of the guard heater due to small non-uniformities
in temperature as determined by calorimeter and guard thérmocouples.
These corrections were in no case over 3 percent.

A second éorrection was necessary since even with the calori-
meter segment and adjacent sections of the guard at uniform temperature,
therevwas some temperature non-uniformity in the shell of the guard. An
approximate correction was obtained for this by determining the heat
input.with no flow and uniform wall and guafd temperatures at different

levels above ambient temperature. This correction is plotted in figure

17.

The corrected heat fluxes were plotted differentially as %%

vs. x and a smooth equal area curve drawn through the increments. Point
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values of heat flux were read from the curves and Nusselt numbers
computed.

Figure 18 shows Nusselt numbers as a function of X/D for the
long tube entrance. Also plotted on figure 18 are values obtained by
Sleicher59 at three X/D's for the same entrance. The data of Boelter5
(extrapolated) for his long calming section entrance are also shown.
Agreement between the three sets of data is excellent. For both Rey-
nolds numbers the Nusselt numbers start out high and gradually decrease
with distance downstream.

The Nusselt number appears to have attained very close to its
asymptotic value at X/D of 10. For the lower Reynolds number the Nus-
selt number is 2.8 percent above that computed from the Dittus-Boelter
equation, while for the higher Reynolds number it is slightly below
(-.35 percent) the computed value.

Nusseltt numbers as a function‘of X/D for the bellmouth en-
trance are shown in figure 19. Extrapolated results of Boelter for a
bellmouth entrance without screens are also shown. Agreementvbetween
the two sets of data is good. For the lower Reynolds number a minimum
in the Nusselt number is observed at an X/D of about 7. The Nusselt
number then starts to rise again. This effect is due to the transition
- from laminar to turbulent flow as mentioned under Pressure Drop above.
At an X/D of 10 the Nusselt number is still rising sharply and has only
reached 51 percent of the value predicted by the Dittus-Boelter equa-
tion. At a Reynolds number of 65,000 the Nusselt number diminishes
uniformly, its value at X/D of 10 being 2 percent above the computed
asymptotic value. The Nusselt number for the bellmouth at X/D = 453

was 32 percent below that obtained for the long tube entrance at Re =

15,000, and 17 percent lower at Re = 65,000.
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A check of wall heat fluxes was made by comparing the mixed
mean temperature from integration of the temperature profile at the
calorimeter with the mean temperature obtained by integration of the

wall heat flux using the relation

Z

tw B to 2 Jf
1n = hdz (29)
ty - tb Cp P a

Heat balances computed by these two methods generally agreed within
better than 10 percent, except.for the L/D of .453 where the combina-
tion of rapidly changing Nusselt number and small total heat addition
due to short heating length caused larger percenﬁage errors.

A further rough check on point heat fluxes was made by com-
paring heat fluxes computed from radial temperature gradients at the
wall with fluxes computed from calorimeter measurements. This Method
is not very accurate since radial gradients were still changing rapidly
as close to the wall as it was possible to obtain readings. However,
wall slopes computed from calorimeter measurements and plotted on the
temperature profiles appeared reasonable and indicated at least that no

gross error in wall heat flux was presents

Velocity Profiles

Values of u/um vs. r/a for the long tube entrance are plotted
in figure 20. Thgse are average values of profiles taken in the range
of 44 to 53.5 pipe diameters downstream from the tube entrance.

At a given Reynolds number, there is a slight variation in
the shape of the reduced velocity profiles obtained at X/D's of 44, L4L.5,
h7.5, and-53.5 pibe diameters. This is due to the fact that there is

still some development of the hydrodynamic boundary layer occurring in
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the center of the tube, although the boundary layer has already merged.
This effect is more pronounced at the higher Reynolds number, due to the
fact thaﬁ for higher Reynolds numbers a longer X/D is required to obtain
fully developed pipe flow.

The fact that the boundary layer is still developing in the
center of}the tube can be clearly seen from velocity deficiency curves
for the Reynolds number of 65,000 at X/D‘s of hh.d and 55.5 plotted in
figure 21. Alsé plotted in figure 21 is the velocity deficiency curve

3 for fully developed turbulent flow. This type of

given by Bakhmeteff
correlation is pafticularly sensitive to changes in velocity profi;e
near the center, since it invoives'takiﬁg very small differences in
veiocities.

The velocity data taken after the long tube entrarice are
plotted as the universal velocity distributiﬁn ut vs. y+ in figure 22,
The results of several investigations of velocity distribution in
turbulent pipe flow are given in figure 25. Each of the lines is a
mean through the data points of the author except the line labeled
"Reichardt"”, which is a mean 1line through the points of Nikuradse,
Reichardt-Motzfeld, and Reichardt-Schuh as reported by‘Reichérdt.u8
All of thé lines except Laufer's are in close agreement. However,
Laufer's work was done with extreme care in a large diameter pipe. The
reason for the discrepancy in his results is not apparent, but itvap-
pears that his results near the wall are nbt very reliable.

The results of the present investigation lie slightly below
the otﬁers in the region 3 < y+ <il5_ This is probgbly due to the fact

\

- that near the wall, where the mean axial point velocity is small, the

ratio of the fluctuating components to the mean point velocity, u‘/u,
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becomes large. Equation (19) is valid only for the case where u'/u is
negligible compared to unity; in other words, with large velocity fluc-
tuations near the wall the behavior of the wire becomes non-linear.

Sleicher59 derived a correction for this effect of the form

w=u/lL-1/8 (u/w)?]° (30)

Whiie Weissberg62 used the correction
‘ | 5 |
u o= Uy [ 1+1/% (u/u)’] | : (31)

Here ui is the point velocity computed from the hot wire calibration.
Sleicher used the measurements of velocity fluctuations reported by
Laufer to compute his correction and found that the maximum correction
was 4 percent. A few points calculated for the worst conditions of this
investigation indicated that the largest correction would be about 3
percent. Since this is well below the accuracy expected of velocity
measuremente near the wall, and the profiles appeared to be extrapola-
ting to zero velocity at the wall without\the correction, it was not
applied here.

As seen in figure 22, for y+ < 5, there is an apparent-in—
crease in yeiocity as the wall is approached. This is due to heat
transferrfrom the heafed wire to the wall wheﬁ they are separated by -
short distances. Attempts'have been made to correct for this effect
(Willis65 and Weissbergég); however, the accuracy of the corrections
is questionaﬁle and none was made here.

No significant difference was found between velocity profiles

taken during heating and non-heating runs.
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Reduced velocity profiles in the inlet region after the bell-
mouth entrance are shown in figures 24 and 25. For the Reynolds‘number
of 15,000 thé velocity profiles are practically linear for a considérable
distance from the wall. It is possible to fit a cubic parabola, charac-
teristic of laminar boundary layers, to these curves (excluding the
region outside the hydrodynamic boundary layer.)

In figuré 24k it is seen that the slopes at’thevwall progres-
sively decrease with distance downstream uhtil the X/D of 9.97 1is |
reached. The gradient ét vhis last position is greater than at the one
preceding it, indicating>that the transitipn to turbulent flow in the
éntrance boundary layer is taking place.

For the higher Reynolds numbér velocity measurements could not
be taken close enough to the wall to accurately define the gradient at
the.wall.

Radial velocity gradients wex

ferencing_and drawing smooth equal aree

Temperature Profiles

Dimensionless temperature profiles for the long tube entrance
are shown in figures 26 and 27, and for the bellmouth in figures 28 and
29. These temperatureg were then c?oss—plotted to obtain the longitud-
inal température profiles, such as those plotted for the long section
at Re = 15,000 in figure 30. ‘fhe points reported by Sleicher for the
same entrance at an X/D = 51 have been ipcluded.

Longitudinal temperature gradients were determined by dif-
ferencing the longitudinal profiles and drawing smooth equal area

curves. Slopes of the longitudinal profiles were also taken graphi-

cally and plotted on the equal area charts as an aid to drawing the
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Entrance for Re = 65,000
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curve. Curves drawn through these points generally gave good equal
area fits.

The longitudinal temperature gradients as a function of x/a
with ry as a parameter for the long test section at Re = 15,000 are
shorn in figure 31. Also plotted is the longitudinal gradient of the

mixed mean temperature

d ' t -t
iz Pr Re ©_ - ©,

where the Nusselt number is obtained from the caiorimeter heat flux
measurements.

It is seen-that far downstream the assumption that the longi-
tudinal temperature gradient at any radius is equal to the ﬁean gradient
is quite gon, except very near the wall, since for constant wall tem-
perature the longitudinal gradient at the wall is zero. However, near
the entrance the assumption is very bad. Of course, in the unheated
core outside of the boundary layer in the inlet region the longitudinal
temperature gradient is still zero.

For a step chaﬁge in wall tempersature, the longitudinal tem-
perature gradient at the wall would be infinite at x/a = O and zero for
x/a > 0. From figure 31 it is seen that this condition is approached
‘as one gets very close to the wall (large values of ry).

In figure 32 the data of figure 31 have been cross-plotted
to show the longitudinai temperature gradient as a function of r,, with
x/a as the parameter.

Radial'temperature gradients were computed by numerically dif-

ferencing the data and drawing smoothed equal area curves. A typical

curve is shown in figure 33 for run 4.
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Eddy Diffusivities

For the long tube entrance eddy diffusivities for momentum
transfer were computed from equation (%5) and eddy diffusivities for
heat transfer from equation (42). The derivation aﬁd use of these equa-
tions is given in Appendix A. The values for the diffusivities for the
long tube entrance are listed in Table II, runs 1 through 8.

For fully developed turbulent flow with constant properties,
the velocity profile and the longitudinal pressure gradient are con-
stant, therefore ev should not be a function of length. As mentioned
under the discussion of velocity profile results, the flow in the ther-
mal inlet region following the long tube entrance was still developing
slightly. This caused a slight variation with length of the eddy vis-
cosity distribution in the center of the tube. The maximum deviation
(between profiles taken at total L/D's of 44.5 and 54) was about .7 per-
cent. This occurred near the center of the stream. Calculated valﬁes
of eddy diffusivities are subject to larger error in this region than
near the wall because of the very low radial gradients in the tube
center. Errors due to this factor may account for most of the variation.

If the turbulent transfer processes for heat and momentum
transfer are similar, the eddy conductivity also should not be a func-
tion of length for fully developed flow. The values obtained here for
rec at heated X/D's of .453 and 9.97 agreed within .5 percent except for
the region next to the unheated core, where radial temperature gradients
were very small.

The eddy diffusivities appear to drop off rapidly near the
tube center. The same effect was found by Schlinger, et al. and

8 v -
Corcoran for uniform flow between flat plates. Values of eddy
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viscosities near the wall agree closely with those obtained by Sleicher59
for the same entrance. |

The variation with redius e /v and e /v in the thermal inlet
- region following the long tube entrance is shown for Reynolds numbers
of 15,000 and 65,000 in figures 36 and 37 respectively. These values
are éverage values for the X/D‘s studied.

The variation with radius of the ratio o = ec/ev is shown in
figure 41 . Values near the center are not plotted, since the tempera-
ture gradients in the tubé center at the largest X/D were small and the
calculated diffusivities were therefore subject to error.

The ratio o increases sharply near the wall, as reported by
Corcoran.9 Fbr the region .5 < f/a.< .9, the value of o appears to
be aboutvl.S. The effect on @ of Reynolds number in the range inves-
tigated appears to be small, except for the region close to the wall.

Eddy conductivities for the bellmouth entrance were computed'
from equation 42. (Appendix A). They are shown as a function.of radial
distance with X/D as a parameter in figures 38 and 3y.

Frqm figure 39 it is seen that €, increases répidly with dis-
tance downstream in the inlet region. This is because of changes in
velocity distribution due to the developing hydrodynamic boundary layer
and the transition from laminar to turbulent flow.

Since for Re = 15,000 the bellmouth boundary layer starts out
laminar, the eddy conductivity near the inlet would be expected to be
equal to zero. As shown in figure 38, Ec is very small at the lowest
_*X/D and increases with distance down the tube as the transition to the

turbulent boundary layer occurs.
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As discussed in Appendix A, eddy viscosities in the bellmouth
inlet region fof laminar floW-computed from equation 35 are inaccurate,
since this equation neglécts the core acceleration due to the develop-
ment of the laminar boundary layer.

That the accéleration term must be included is further sub-
stantiated by the fact that the total viscosities computed by equation

35 for the bellmouth inlet with Re = 15,000 are below the value of the
molecular viscosity.

This effect was also observed at the high Reynolds number.
Thus, no rgliable figures for the eddy viscosity in the bellmouth inlet

reégion can be obtained from this investigation.

Radial Heat Flux

As shown in Appendix A, the function
r

Tx
0] =\jf U Ty

0

d Ty

K

is proportional to the radial heat flux. The function is listed for
runs 1 through l8rin,Table II.

The radial heat flux for run 4, computed as outlined in Ap-
pendix A, is shown in figure 4o. For the region 0 < y* < 10, the heat
flux is approximately equal to that at the wall. For y* greater than
10, the variation of heat flux with radius is very nearly linear. Thus

29

the assumption made by Martinelli and others of constant radial heat
flux near the wall and a linear distribution in the turbulent core
appears to be a good one. Of course, if the thermal boundary layer has

not merged, the heat flux diminishes to zero at the edge of the boundary

layer.
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CONCLUSIONS

1) Significant differences in heat and momentum transfer in
the inlet region\are caused by the two initial velocity distributions
studied in this investigation.

2) These differences are due to variations in the velocity
gradient in the boundary layers developing downstream from the inlet.
In addition, the bellmouth produces an initially laminar boundary layer
with resulting reductions in heat transfer rate and preésure drop.

3) At a Reynolds number of 15,000, acceleration effects ac-
count for about TO percent of the pressure drop directly downstream
from the bellmouth entrance.

k) For both initial velocity distributions studied, the
thermal boundary layer had merged and the Nusselt number reached within
5 percent of its asymptotic value within ten diameters éfter the start
of heating.

5) For fully developed turbulent flow, the eddy diffusi-
vities for heat and momentum transfer in the thermal inlet region vary
with radius’and Reynolds number, but not length. The ratio ec/ev varies
with radius and slightly with Reynolds number. For the region .5 < r/a
< .9, the range of variation is from about 1.4 to 1.6. The ratio in-
creases sharply near the wall.

6) Eddy conductivities in the bellmouth inlet region are very
low directly downstream from thé inlet because of the presence of a
laminar boundary layer. The conductivities gradually increase with

distance downstream.

...97-
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7) To accurately calculate eddy viscosities in the bellmouth
inlet region, one must include acceleration effects due to the develop-
ing hydrodynamié boundary layer. Neglect of these effects results in
negative eddy diffusivities.

8) The assumption of constant radial heat flux in the leminar
sub-layer and the buffer layer, and a linear heat flux distribution in
the‘turbulent core, is good, except possibly very close to the entrance.

9) Theoretical analyses which postulate the same distribution
of eddy conductivity in developing thermal boundary layers aé for fully
deveioped:ones are valid for the case of fully developed hydrodynamic
boundary layers in the thermal entrance region, but may be subject to
large error when the hydrodynamic and thermal boundary layers develop

simultaneously.

lO) For fully developed thermal boundary layers, the long-
itudinal temperaturé gradient at any radius is approximately equal to
the longitudinal gradient of the mixed mean temperature, at péints very
close to the wall. This relationship is not‘true when thermal boundary

layers are not fully developed.
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APPENDIX A

CALCULATION OF EDDY DIFFUSIVITIES

The equations used in computing the eddy diffusivities for
heat and momentum are derived below and the method of computing the

diffusivities outlined.

EddyVViscosities

The momentum equation in the x direction for laminar flow
in a pipe inlet is
g 2 2
Ju du c Op du 1du OJu
UtV T c e &Vt T 2 (33)
‘ : or ox
From boundary layer theory the third term in the brackets may be ne-
glected. Assuming that eddy and molecular diffusivities may be diréct-
ly added, equation (33) written for turbulent flow is

gap 1
r

du J ) o
UtV 5% = - 75 3%t Selr(v + ¢€,) 3%] (34)

where the diffusivities for momentum have been placed inside the deri-
vative sign since €, is a function of radius.

For fully developed flow g% and v are equal to zero and
equation (34) reduces to

2 - iZr(vee) S (35)

O |+

Integrating, with p considered constant,

€ dpr [9
vie, = 5 oxz/ o (36)

-100~
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Using the relation %% = % Ty and the linear shear stress law for fully
developed flow, it may be shown that eguation (36) is the same as
equation (lO), the defining equation for eddy viscosity in fully devel-
oped flow. Introducing the dimensionless’variables T, and U, equation
(36). becomes

183
vie = 355w e | (37)
r

Bddy viscosities for the long tube entrance were computed from equation
(37).
The expression for eddy viscosity in the hydrodynamic entrance-

region is obtained by integration of equation (3k4):

d 8 dp 2
rugyy dr + rv sy dr + ?; S 5
v + ’€ = 0 0 3 (58)
‘ v r -

The analysis under Pressure Drop in Chapter V of the relative magnitude
of pressure drop due to wall skin friction and that due to momentum
changes in the inlet region indicates that the sum of the two integrals
in equation (38) is appreciable with réspect to the %ﬁ term. The evalu-
ation of both of the integrals involves a knowledge of the longitudinal
velocity gradient, ﬁhich appears expiicitly in the first integral and

implicitly in the second since v is obtained from the continuity

equation

i o
Y
=<
H

= 0 (39)

R
-+
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The evaluation of longitudinal velocity gradients from ex-
perimental velocity profiles, especially near the edge of the hydro-
dynamic boundary layer, ié very difficult, since the order of magnitude
of the changes in velocity at corresponding radii betweén ﬁwo ad jacent
travers§s is of the same order of magnitude as the experimental error.
This problem is further complicated by the fact fhat it was necessary
to make separate runs for each X/D invesfigated. Since increases in
core velocity between adjacent profiles due to deceleration in the
boundary layer were on the order of one percent, différences in flow
rate of one percent between ruﬁs would bg sufficient to yield a zero
or even negative longitudinal velbcity'profile in the core.

Because of thése difficulties it was decided not to compute
the values of the integrals for all cases. The eddy viscosities re-
pofted in Table iI for the bellmouth were computed using only the %ﬁ
term. This is equivalent to using a linear distribution of shear stres:s
with fadius, which is rigorously correct only for fully developed flow.
The assumption is worst right at the inlet and progressively better at
greater X/D's.

To estimate the magnitude of the maximum error caused by
this approximation, the two integrals in equation (38) were evaluated

at an X/D of 1.5 for Re = 15,000. Integrating the continuity equation

(39), one obtains

T

T du .

rv ] = [ r=—dr (%0)
o ox

0

The integral was evaluated graphically, using the estimated values of

<= shown in figure 34. The value of the integral must be zero at both

ox
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r =0 and r = r, since v is zero at the wall. This condition was ful-
filled by the graphical integration, indicating that the values used
for g& were reasonable.

Values of the three terms on the right side of equation (40)
are tabulated as a function of r in Table III. It is seen that although
the first term may be neglected except.very close to the wall, the sec-
ond term\may be as much as 1-1/5 times as great as the %ﬁ term. Thus
values of‘eddy viscoéity computed by neglecting momentum transfer due
to boundary layer development are noﬁ reliable in the region close to’
the inletf

Table III also lists values of radial velocity at several
radii for the bellgouth entrance at an X/D of 1.5 and Reynolds number
of 15,000. Axial velocities at corresponding points‘are ipcluded for

comparison. The largest ratio of radial to axial velocity found was

.0037 at r_ of about .85.

' Eddy Conductivities

The equation for eddy conductivity for fully developed flow

is obtained by integration of equation (16):

r
ot
_ qu.r 5; dr
Xk .. -0 .
pcp+€c1 rért (L"l)
r

As mentioned previously this equation neglects axial conduction, heating
due to pressure changes, and frictional dissipation. Ihtroducing the

dimensionless variables U, o, and~r*, equation (41) becomes



~-10k4-

——

Ty

- ae

Uy ak/r ?* U g2 d r*
DCP ¢ r. 8
* dr*

This relation was used for computing eddy conductivities in the thermal
inlet region following the long tube entrance.

For the bellmouth entrance a term must be added to equation
(41) to account for radial transfer of heat by convection due to the

development of the hydrodynamic boundary layers:

r r

ot ot
%(u.r 5; dr +1{TV'r S; dr
k .
oot = 5% ()
Y r St

Using the radial velocities from Table III the magnitude of
the radial flow term in equation (43) was estimated ath/D =1.5. It
was found that the maximum error introduced by neglect of this term
was 11 percent. The percentage error decreases with distance down-
stream. The radial convection term was therefore neglected in computing
eddy conductivities for the bellmouth. This assumption introcduced

only small errors except possibly for the first X/D.

Radial Heat Flux

The radial heat flux at any radius in a tube is given by

r
\ /a-ut
P Cp\/[r dx dr

a(r) = —2 (k)

r
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For constant u (fully developed flow), the u may be taken out of the

derivative. Then, introducing U, r,, and @, equation (44) becomes:

Tx
%8 _
o Cp (tw - to) w o [Ty U 3z T
- 0
a(r) = -
*
e, (5, -t w0 (1)
- T
*

The radial heat flux is therefore proportional to the integral 9,
which éppears in the expression for eddy conductivity and is tabulated
in Table II. |

If the flow is not fully developed, a slight error is intro-
duced by\Computing radial heat fluxes from equation (45), since u is

not now a constant and should be left inside the differential sign.
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. Table I. Gross Values for Heat Transfer Runs

Table II. Point Values for Temperature and Velocity
Traverses

Table III. Momentum Terms in the Entrance Region for
Bellmouth Entrance. X/D = 1.5 Re = 15,000

Figure 35. Calibration for Chromel-Constantan
. Thermocouples
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GROSS VALUES FOR HEAT TRANSFER RUNS

Nu'

Run. % Re W AT ¢ h
LONG TUBE. ENTRANCE
1 .4k53 15,000 66.6 24.5 207 8.U45 69.54
2 1.13 14,780 66.0 26.7 1Tk . 6.53 53.7
3 k.12 14,860  66.4 25.0  1k7 5.87 47.8
b 9.97 14,700 65.8 21.1 121 5.72 46.6
5 .L53  6k,100 285.0 22.6 551 2k 201.0
6 1.13 . 64,200 287.0 28.9 601 20.8 172.0
7 k.12 63,800 284.0 24.6 k62 18.7 154.0
8 9.97 64,900 290.0 22.9 390 17.0 140.0
BELIMOUTH ENTRANCE

9 .53 14,830 66.0 25.9 1L9 5.7h 47.2
10 1.13 14,820 66.1 27.3 119 = k.37 35.9
11 1.75 14,800 66.0 27.4 98.3 3.59 29.5
12 k.12 14,910 - 66.3 29.1 78.9 2.71 2.4
13 9.97 14,820 66.2 27.5 79.1 2.88  23.7
14 453 63,900 284.0 20.1 387 20.k 167.0
15 1.13 65,500 291.0 27.7 535 19.3 159.0
16 1.75 64,200 286.0 26.0 U456 17.9 146.0
17 k.12~ 65,300 290.0 ..29.8 54 18.3 150.0
9.97 65,350 290.0 22.1 388 17.6 14k.0.

[
| =

e
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TABLE III.
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MOMENTUM TERMS IN THE ENTRANCE REGION

_1o“k/p r v — 1ou\/P ru$s dr 10t %5 gﬁ 3
5 o |
I r g‘ r 5‘; -V u
in.  £t2/sec £6%/sec £t°/sec  ft/sec ft/sec
.76 i.66 5.26 0 0
STh 1.65 | 2.68 5.12 .0081° 5.72
72 1.52 - 3.06 5.17 .019  11.5
.69 1.59 8.48 9.27 .057  17.7
.66 1.61 30.5 23.5 o7k 20.6
U 1.72 -~ 65.3 k9.7 079  21.3
62 1.5%3 128 93.7 079 21.7
.66 | 1.18 2h1 L7h .078. 21.9
.58 .98 ‘ 179 408 .075 22.0
Lo .0k 22.0
.20 017  22.0
Bellmouth Entrance  X/D = 1.5 Re = 15,000
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Figure 35. Calibration for Chromel-Constantan Thermocouples
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