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ABSTRACT

Results are presented from an experimental investigation
of the relation between heat transfer and friction in smooth and
rough tubes. Three rough tubes and one smooth tube were formed
from electroplated nickel. The rough tubes contained a close=~
packed, granular type of surface with roughness-~height~to~diameter
ratios ranging from 0.0024 to 0.049. Measurements of the heat
transfer coefficients (CH) and the friction coefficients (CF) were
obtained with distilled water flowing through the electrically heated
tubes. A Prandtl number range of 1.20 to 5.94 §vas investigated
by adjusting the bulk temperature of the water. Results were ob-
tained for Reynolds numbers from 6 x 104 to 5 x 105 and from
1.4 x 104 tol.2 x 105 at the lowest and highest Prandtl number
' respectively.

A similarity rule for heat transfer was used to correlate,
interpret and extend the experimental results. The results were
compared with previously existing results, both theoretical and
experimental. Increases in CI—I due to roughness of as high as
270 percent were obtained. These increases were, in general,
accompanied by even larger increases in C’F" An exception to
this general behavior occurs at high Prandtl number in the region
of transition between the ''smooth'' and the ''fully rough'! CF

characteristic.
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- I INTRODUCTION

The use of roughened bounding surfaces as a possible means
of reducing the thermal resistance of a turbulent flow has been receiv-
ing increasing interest. As early as 1917, water flow experiments
discussed by Stanton (Ref. 1, p. 176) showed significant improvements
in heat transfer coefficients due to the use of roughened surfaces. In
recent years, the heat exchanger size, shépe, weight, pumping power
and temperature restraints associated with the problems of rocket
engine and nuclear reactor cooling have sharpened interest in the use
of rough surfaces; the experimental and analytical investigations by
Fortescue and Hall (Ref. 2), Grass (Ref. 3), Sheriff (Ref. 4) and
Nunner (Ref. 5) have demonstrated that considerable reductions in
coolant pumping power or in heat exchanger size are attainable. Sur-
face roughening must of course compete with othef means of achieving
the same results such as swirl induction, Cf. Gambill, Bundy and
Wansbrough (Ref. 6), or other types of secondary flow induction, Cf.
Koch (Ref. 7).

In addition to ascertaining the advantages to be gained by the
use of artificially roughened surfaces, it is important to understand
the heat transfer behavior of surfaces where roughness occurs
naturally. Natural roughﬁess may occur either from the original
manufacture of a surface or from subsequent chemical attack.

The large number of experimental conditions affecting heat
transfer from rough surfaces and the general difficulty involved in

~attaining accuracy in heat transfer measurements have led to diverse
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conclusions in thé relatively few previously existing studies on the
use of rough surfaces in heat exchanger design. The experiment
referred to by Stanton (Ref. 1, p. '176‘) suggested that increases in
- heat transfer coefﬁqient (CH) can exceed the increases in friction
coefﬁc‘ient (CF) caused by surfaée roughening; whereas Cope (Ref.
8) indicated that for certain regions of operation the heat transfer
coefficient may even decrease while the friction coefficient increases.
Smith and Epstein (Ref. 9), in studying certain naturally rough pipes,
were led to conclude that the small improvements in heat transfer
observed in rough pipes could be easily offset by any amount of sur~
face fouling that may accompany natural roughness. Nunner (Ref.
5) found substantial improvements in heat transfer characteristics
of rough pipes at Prandtl number near 0.7 but conjectured that these
would diminish for higher Prandtl numbers. This latter suggestion
is contradicted by the results of the present experiments.

One of the principal intentions of the present investigation
is to obtain a set of data experimentally relating the various perti~
nent dimensionless parameters with sufficient accuracy to permit
its use in establishing and testing theoretical deductions concerning
the mechanisms of heat and momentum transfer from rough surfa.ces.»
By limiting the experimental conditions to hydrodynamically and
thermally fully established pipe flow with negligible radial fluid
property variations and with roughness elements of a fixed type,
the complete heat and momentum transfer problem is restricted to
finding thé,relationships among the dimensionless groups, CH, GF’

Re, Pr and € /D. The heat transfer coefficient (CH) and the friction
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coefficient (CF) may be thought of as dependent variables with Reynolds
number (Re), Prandtl number (Pr), and pipe roughness-ratio (¢/D) as
the independent variables. In none of the previously existing experi-
vments with which the writer is fa‘rniliar have Re, Pr and €/D all been
varied systematically to permit a complete test of theoretical predic-
tions. Perhaps the most complete previous rough tube experiments,
in which these same idealized conditions were approached, were per-
formed by Nunner (Ref. 5). However these experiments, being
conducted with air through-~flow, were restricted to one Prandtl
number.

The type of roughness used for the current experiments is a
three-dimensional, close-packed, granular form not greatly dissimi-
lar from the close~packed sand-grain surface used by Nikuradse (Ref.
10) for rough pipe friction measurements. The rough tubes for the
present experiments were produced by electroplating nickel over
mandrels coated with closely graded sand grains. The mandrel was
subsequently dissolved out leaving a cast of the sand inside of the
remaining nickel tube, The intention was to produce a series of tubes
each having a particular scale of roughness and all having a roughness
shape which remains geometrically similar as the scale is varied
from tube to tube. The sand-grain type of roughness was desired in
order to make direct use of the extensive correlations between ve~
locity profiles and friction coefficients established by Nikuradse for
this type of pipe surface. Further, the Reynolds number region of
smooth~to-fully~rough Cp transition observed by Nikuradse for this
type of roughness was expected to be, and later proved to be, of

special interest for heat transfer. The use of nearly geometrically
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similar roughness shapes permits characterization of the roughness by
a single geometrical parameter, €/D. Since the accurate measurement
of the roughness height attained in the experimental tubes could not be
made, the equivalent sand grain size (€ ) as determined from the fric-
tion similarity law (Cf. Section II) was used to characterize the rough-'
ness. The three rough tubes tested herein exhibited equivalent
roughness ratios (€ S/D) equal to 0.0024, 0.0138 and 0. 0488 respectively.

The present heét transfer experiments were conducted with
water flowing upward through a nominally 0. 4-inch-diameter tube which
was heated by the passage of alternating~current electricity through the
tube walls. Friction coefficients were determined from fluid flow rate
and pressure drop me asﬁrements, and the heat transfer coefficients
were determined from measurements of heating power, outside tube-
wall temperature and fluid temperature. Fully established conditions
were approximated by providing approximately 45 diameters of hydro-
dynamic entrance length followed by 38 diameters of thermal entrance
length ahead of the heat transfer coefficient measurement station.
The effects of radial temperature gradients accompanying finite heat
flux rates were eliminated by extrapolating the CH results from tests
with various Wail—-to-ﬂuid temperature differences to the zero temper-
aturé difference condition. Prandtl number variations from 1.20 to
5.94 were achieved by setting the water bulk temperature at values
from 80 to 290°F. ‘Reynolds number was independently varied in the
range from 1.4 x 104 to 5.2 x 105 by adjustment of water flow rate.

Allen (Ref. 11) has shown that some disagreement persists among
recent experimental results oﬁ smooth tube heat transfer coefficients.

Since a direct comparison between the rough tube and smooth tube heat
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and momentum transfer characteristics is desired, a series of tests
on a smooth tube, using the same tube construction and experimental
methods used for the rough tubes, is included in the present experi-
ments.

Although the present results are restricted to one type of
roughness and to other simplifying conditions, it is expected that in
many cases of practical interest the conditions of these experiments
will be met closely enough to permit direct use of the data for heat
exchanger design. With the possible exception of transverse fins
with nearly square cavities, the particular type of roughness studied
in the present work is shown to perform as well as or better than
surfaces studied in the other experiments compared herein; hence
the present result.s may be used as indicative of heat exchanger im-
provements available:from the use of roughened surfaces. Further,
it is expected that the results here obtained for fully established pipe
flow can be directly employed in determining heat transfer coefficients
for zero-pressure-gradient, turbulent boundary layers over similar
rough surfaces; the same methods used to relate smooth tube and
smooth plate heat transier (Cf. Ref. 12, p. 215) should be valid for
the rough surfaces. Hama (Ref. 13) has discussed the close relation-
ship between pipe flow and boundary layer flow in connection with
velocity profiles and shear stress distributions, and he has proposed
that friction measurements for boundary layer flow over rough sur-
faces shouldrbe carried out in pipes to take advanta.ge of the better
accuracy attainable. The same arguments are assumed to apply to

heat transfer measurements.
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II FUNDAMENTALS

The discussion in this section is limited to the following condi-

tions as approximated in the present experiments:

i)

ii)

iii)

iv)

vi)

Fully turbulent (Re greater than about 2000), steady, pipe
flow. |

Hydrodynamically fully established flow in which the mean
fluid motions are invariant with axial station.,

Thermally fully established conditions whereby the radial
temperature profile referenced to the local wall tempera-
ture is independent of axial location.

Constant fluid properties, density (p), viscosity (1), thermal
conductivity (k), specific heat (cp)o

Surface roughness patterns which are statistically indepen~
dent of‘circumferential or axial position provided that statis-
tical samples are measured at points separated by distances
much greater than the scale of the roughness elements.
Roughness patterns which are statistically geometrically
similar from tube to tube with only a geometrical scale

factor being different,

The purpose here is to extend theoretical notions existing for heat

and momentum transfer in smooth tubes and for momentum transfer

in rough tubes to the problem of heat transfer in rough tubes. The

theories for heat transfer in turbulent shear flow which have found

practical application result from the use of similarity principles and

an analogy between the turbulent diffusivities of heat and momentums.

These theories-~-which must necessarily be based on empirical

information-~are useful principally because from them the essential
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relationships between the various parameters may be derived. With
the aid of these relationships, the experimental results may then be
presented in their most general form.

For the prescribed simplifying conditions, a time averaging

(Cf., e.g., Ref. 14) of the momentum equation for pipe flow gives
(7/p)(L - y/R) = -a'v' + v(du/dy) (1)

where y is the distance from the Wall, R is the tube radius and v is
the kinematic viscosity of the fluid. This equation may be thought of
as a relation between the turbulent shear stress, p u'v' , and the
mean velocity profile (u{y}) with the shear stress at the wall (r) as
a parameter. No independent information is available for making
equation 1 determinate short of solving the complete time-~dependent
Navier~Stokes equations. However, a description of the form of

the u{y} dependence aﬁd hence the u'v' {y} dependence over part of
the flow is possible.by following the similarity arguments presented
by Townsend (Ref. 15, Chap. 9) as they apply to rough pipes.

First, use is made of the so called principle of Reynolds
number similarity which states that there exists, in a turbulent flow
at high Reynolds number, a region in which the direct effect of vis-
cosity on the mean flow is negligible. In terms of equation 1, this

implies
- WV /(du/dy) > > v (2)

In such a region the mean velocity and the principal turbulent com-
ponents such as those invelved in u'v' are dependent only on the

conditions at the edges of the region. Townsend points out the
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' existence of a considerable amount of experimental evidence that this
viscosity independence prevails in many types of turbulent flows not~-
withstanding the fact that a finite viscosity is involved in the creation
of the large scale turbulent motion and in the final dissipation of the
turbulent energy into heat. For the case of turbulent pipe flow, the
Reynolds number similarity holds in regions outside of the immediate
vicinity of the wall wherein the damping action of solid boundaries on
the turbulent term (u'v' )v leaves the molecular term (v du/dy) with a
significant portion of the total shear stress.

From an over~all force balance on the flow, it can be shown

that the shear stress is given by |

7= (1 ~y/R) 7, | (3)
from which it is seen that for

y/R<<1.0 (4)

the shear stress is essentially equal to the wall value. The assump-
tion is made that the fully turbulent central flow regime extends to

a region close enough to the wall that the inequality 4 is valid and the
bounding shear stress is T Then the statement of the Reynolds
number similarity for this core region leaves only the wall shear
stress ('ro), the density (p ), the tube diameter (D) and the roughness
height (€ ) as pertinent parameters on which the mean velocity dis-
tribution must depend. A dimensional analysis for u{y} yields only
the length scales D and € and the velocity scale[q?;. Thus, the

functional relationship
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t
Ary /e

must hold for the fully turbulent flow where u, is an arbitrary trans-

lation velocity which must be included for generality since the zero

= :i:'1 {y/D, €¢/D} . (5)

velocity at the wall cannot be used as a reference, the wall being
outside of the region in which equation 5 is valid.

As a second step toward obtaining a form for the u{y} function
from similarity arguments, Townsend demonstrates that the production
of turbulent energy by the mean flow occurs primarily within the con-
stant stress region very near the wall. From this he is led to the
"law of the wall!' which states that the velocity diétribution is deter~
mined entirely by the local conditions, vy, Ty P and v énd, in the case
of surface roughness of differing scale, also on €. Thus by this law,
the flow is independenf of the external conditions such as the average
velocity of the rna.in‘ flow or the pipe diameter. A dimensional analy-

sis then gives directly

w/ 770 = £, { W”Vf’;" , "”"fo;p} (6)

or for smooth pipes

u/\/'r /o = £ { (7)

Laufer's measurements (Ref. 16) of the mean vélocities and the various
time averaged turbulent components have adequately demonstrated

that the ''law of the wall''! (Eq. 7) is valid throughout the constant stress
region in smooth pipes. None of the assumptions made by Townsend

in establishing the elimination of the outer flow parameters is violated

by the presence of wall roughness; hence it is assumed that Laufer's
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| observations, by supporting the deductions based on the assumptions
for the particular case of a smooth wall, also lend credibility to the
Amore general deduction given in equation 6.

As a final step, a ''region of overlap'' is defined as that region
within which viscous forces are negligible and constant shear stress
can be assumed and thus in which both Reynolds number similarity
and wall similarity should hold. Comparing equations 5 and 6, it

follows that

(7P €7 /p

, —2} (8)

fl {y/D, €/D} + ut// 'ro/P = fz{y

must hold for a finite variation in distance from the wall (y). Since
the independent parametric groups associated with y on either side of
equation 8 are different, this expression can be valid if and only if
the functional forms are such that the y dependence can be separated

from the other terms. Hence, the functional forms must be

f, =B Ln (y/D)+ £y {e /D} ‘ (9)
and

£5

=B {n (——-——YW+ £y {———-—-e {’E’_/?} | (10)
where B is an absolute constant and f4 and £5 express the dependence
on roughness scale, these also being constants for the smooth pipe
case. The necessity of these logarithmic forms for the velocity pro-
files over smooth surfaces was first pointed out by C. B. Millikan
(Ref. 17). Using equation 10 in equation 6, one .obtains the velocity
distribution in the region close to the wall but outside of the viscous

region,
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u/u - = B fn y* + Al {ex} (11)

where
| v /e ‘

a =7/, yr=—— (12)

and -
E,f'r ;p
€= o O (13)
v

and Al{e *} is a general function... Since

y* = € *(y/€)

equation 11 can be wriften

u/uq_ =B Iny/e + A {e%} (14)
where A{€ %} is a different function. . Equation 14 will be referred
to as the ''velocity similarity law'' in the present discussion.

The expression for the fully turbulent ''outer'' flow can be
given as a difference between the velocity at two points, y and Y1

which fall within the region of overlap,

(u - ul)/ u_ = B In (y/yl) (15)

From equation 15 it is seen that the shape of the velocity profile in
this region is independent of either the roughness height or the rough-~
ness type or the Reynolds number. If one now assumes that this
characteristic. of the central flow maintains its validity outside of

the constant stress layer and on out to the center of the pipe, one

can write
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(g, = wl/u_ = {y/D} (16)

where Ueg, is the mean velocity at the pipe center line. This assump-
tion is certainly plausible since it is difficult to imagine how the
effects, appearing in equation 5, of €/D on velocity distribution can
be in evidence near the center of the pipe while €/D has no influence
on the velocity distribution over a finite region nearer to the wall.
Townsend made this assumption at the outset as part of the principle
of Reynolds number similarity, i.e., he assumed that equation 5 con-~-
tained no € /D dependence. Although Townsend's premise for writing
equation 5 without the € /D dependence is probably justifiable; the
present development of equation 16, which avoids the initial deletion...
of €/D at the expense of having to make the additional assumption
stated just prior to equation 16, is pefhaps motre satisfying. Regard~
less of the derivation, Nikuradse (Ref. 10) experimentally demon-~
strated the validity of equation 16 for a wide variation of €/D, and in
fact he showed that the logarithmic law, equation 15, is essentially
valid almost to the pipe center. That is, equation 16 is empirically

shown to be

(ugq, - u)/uT = . B 1n‘ (2y/D) (17)

The logarithmic velocity laws which have received verification
with both smooth and rough surfaces for free boundary layers (Ref.
13) and pipes (Ref. 10)vare seen to be a direct consequence of the
widely applicable assumptions: Reynolds number similarity, a re-
gion of essentially constant shear stress wherein viscous action is

negligible, and the deductions from the law of the wall. Assumptions
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concerning the detail nature of the turbulent flow components are
not required; hence any consistent model for the turbulence structure
‘which incorporates above mentioned assumptions should necessarily
lead to the logarithmic laW‘s as a byproduct. An interesting example
of this is von Karman's local similarity hypothesis for the turbulence.
This hypothesis leads to the logarithmic law for the flow near the
wall (Ref. 18, p. 392 and Ref. 19, p. 68) even though as indicated
by Laufer (Ref. 16) the hypobthesized local simiiarity may not exist.

A relationship for the friction factor may now be deduced fol-
lowing Nikuradse's treatment (Ref. 10). Neglecting the very thin
region near the wall wherein the velocity deficiency law (Eq. 16) is
invalid, a simple relation between the center line velocity and the

mean discharge velocity is obtained. The latter is defined
R.
u E(Z/RZ)S. u{r}rdr (18)
m 0 _

where ''"r'! is the radial location. Integrating equation 16 as pre-
scribed by the definition in equation 18, noting that y/D = (1/2)(1-x/R),
and converting the variable of integration to r/R=y yields the definite

integral
1

1
= ZSIO f6 {? (1-11 )}ndn (19)

YocL™ % m
u

T

i

P

Thus, P is a constant independent of the qualities of the wall roughness.

The friction factor is then defined

_ 2 | |
Cp = Z'ro/p u (20)

Hence, by the definitions 12 and 20,



~14-

w /u’r =1/ ,/CF/Z‘ (21)

Assuming equation 17 to be valid from the pipe center to the wall region

and using the wall law (Eq. 14),

uCL/u_rz -B In (Ze/D) + Alex} (22)

and using the definitions of equations 19 and 21 with equation 22,

1
_\/CF /2

The constants B and § are applicabl'e to both smooth and rough pipes

= - B Un (2¢/D) - B + Alex) (23)

and have been evaluated by Nikuradse (Ref, 10) as 2.5 and 3.75 re=

spectively. By using the definition of Reynolds number,

Re =D um/v | (24)
and the definitions of equations 13 and 20 one obtains the identity

€% = ReMCF/Z' €/D (25)
From this, equation 23 can be rewritten

: C
1 € F e
———— + Bin(2%)+ p=A{R ,/-— £} (26)
f—ﬂcF/z nl2pl+ P °YZ D

Equation 26, which will be referred to herein as the ''friction similar-~
ity law,'' reduces the experimental problem of finding the general

_ three-dimensional functionality

Cp {Re, ¢/D}

to that of finding the two-dimensional function A{e*}, thus greatly
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extending the usefulness of a given amount of empirical information.
‘The identity of the A{€*} function found (Cf. Ref. 10) by velocity pro-
file measurements with equation 14 and by friction measurements
with equation 26 over a wide range of Reynolds numbers é.nd of rough-~
ness ratios has pﬁt these similarity laws on a firm experimental
basis.

Using the velocity law in the form of equation 1l (with A as

1

constant) to develop the friction law, the smooth pipe law evolves

L - Bin(Re JC_/2)+ p=A-Bin2 (27)
JCr /2 |

where the constant, Al’ on the right is determined experimentally.
In this case the problem of finding the relation CF{Re} has been re-
duced to that of experimentally determining this one constant. Equa~-
tion 27 for smooth pipes can be put into the. form of the more general

equation 26 by reordering the terms and letting

A{ex} = A + Bin ek (28)

Thus, the friction similarity law (Eq. 26) is applicable both to smooth
tubes and to rough tubes with georﬁe trically similar roughness ele-
ments.

The general A{e*} function determined by Nikuradse for sand-
grain type roughness shows a region of smooth~type behavior (Eq. 28)
at low €* values followed by a ''transition'' region, 3.55 < ¢€¥* < 67.5,
and a'fully rough" region, €%*> 67.5, wherein A becomes a constant.
In the ''smooth'' region, the roughness elemenf;s are buried deep in

the laminar wall layer and create no effect on the flow which is nearly

stationary at the wall. In the '"fully rough'' region, reference to
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equation 14 and equation 26 shows that both the velocity profile and
friction coefficient become independent of Reynolds number, i.e. |
of viscosity, and hence that the Reynolds number similarity extends
throughout the flow. A likely possibility here is that the flow sepa~
rates from the roughness elements producing secondary cavity
flows which result in a pressure drag on the element surfaces that
far exceeds the viscosity~dependent surface shear forces.

The problem of heat transfer fbr flow in rough pipes with
geometrically similar roughness is reduced, by means of a dimen~
sional analysis on the relevant parameters (Cf., e;g. , Ref. 20,

p. 495), to finding the four~dimensional relationship
Cy {Re, Pr, ¢/D}
where CH is the Stanton number given by

qo

C,, =

H pu_ ¢ (T ~T
mpw

(29)
)

where 610 is the radial heat flux at the wall, T, is the wall temper-
ature and the liquid temperature, Ty, is defined for experimental

convenience as the mixed mean temperature,

R
2
T, = T{r} u{rlra (30)
L ;;yo rry aur srarxr

The theoretical approach to the heat transfer problem in rough
tubes will follow a similar development for smooth tubes in making
use of a modified Reynolds analogy between heat and momentum trans-
fer in turbulent flow. The general energy equatidn for pipe flow
written in terms of time-averaged quantities assumes a simple form

if the following assumptions are made:
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i) The energy involved in the pressure work and viscous
dissipation terms is negligible in comparison to the
heat energy transferred.

ii) Axial temperature gradients are negligible compared
to the radial temperature gradients.

iii) The flow is thermally fully established such that the
the axial thermal gradient (8T /8x) is independent
of radial position.

iv) The’ velocity is indepéndent of radius insofar as it af-
fects the radial heat flux distribution; thus it is
assumed that §{r } 7»‘{:1.0 =r/R.

The momentum and heat transfer equations can then be written (Cf.

Appendix A of Ref. 14),

r./p (L-y/R)= (e, +v)du/dy | (31)
—(‘QO/PCP) (L - y/R) = (€;; + v/Pr) dT/dy (32)
where
_ Uy’
‘MT Fu/ay (33)
and
€ = &% , (34)

are the turbulent diffusivities for momentum and heat respectively.
The terms u'v' and T'v' are time averages of the products of the tur-

bulent fluctuations in the axial velocity (u), the velocity radially away
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from the wall (v) and the temperature (T). Next the assumption is
made that the region of large changes in temperature and velocity
occurs very close to the wall; this is the case for large Reynolds
numbers (say greater than 104) and for Prandtl numbers greater than
0.7. With this assumption, y/R can be dropped with respect to 1.0
in equations 31 and 32. And next, the respective distances from the
wall at which the velocity equals u and at which the temperature

equals T, are assumed to be the same. Finally, the Reynolds

L
analogy, which states that

for the fully turbulent region of flow, is assumed to hold throughout
the pipe.

A heat transfer similarity law is then derived by the follow-
ing arguments. A dimensionless distance from the wall, yz*, is
assumed which is far enough from the wall that viscous shear stresses
are negligible, say yz* = 100, for either rough or smooth pipes. Re-
solving equation 29 yields

u c u

L Pp'm (T -T)+me(T-T
C.. ¢ w 2 q 2

(35)
CH do 0

L)

Using the nondimensionalizing groups from the law of the wall to-
gether with the as sumptions of the previous paragraph, the integration
of equations 31 and 32 between the distance from the wall, Yoo and

the distance, Vim® at which both TL and u A are assumed to occur

gives
u_ - Y
Tm™2 =§ dy* (36)
u‘r GM 14 - ‘

Yz*



and

peyu,

r, Ty = (37)
q, 2 L az €/ Y

Subtracting equation 36 from 37, multiplying by um/u.r and substitut-

ing with equation 21 yields

pc_u u,/u
—Pm(p, T )= é s (38)
9 F CF/Z.
From equation 6,
uz/uT = f7 {yz*, €%} (39)

Next a dimensional analysis using the parameters of the law of the
wall,together with the parameters 610, cp, p and k which must be

added for the heat transfer problem, gives
pe_u_
(Ty,-Tp) =2 = ig lyy*, €%, Pr} (40)
or, multiplying this equation by um/uT and again substituting from

equation 21,

(Ty=T,) —B-2 = L £ {y,*, e*, Pr} (41)

% JCF/z‘

Substituting equations 38 and 4l into equation 35 and reorganizing the

latter, gives
(cF/chya
CF/Z

Since y’ﬁfz is a constant number independent of the parameters of the

= £ {y,%, €%, Pr} -f, {y,* %) (42)

problem, it may be dropped from the functions and equation 42 be-

comes
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(Cp/2Cy)-1

[co/ 2

This equation will be referred to as the ''heat transfer similarity

= £9 {e*, Pr} (43)

law''; it does for the heat transfer problem what the friction simi~
larity law does for the momentum transfer problem. In the heat
transfer case, the general experimental job of finding the four-

dimensional relation
Cyy {Re, Pr, €/D}

is reduced to finding the three-dimensional relation
£g {e*, Pr}

For the case of a smooth wall the same analysis gives f9 as a func-
tion of Prandtl number only. The essential assumptions leading to
the heat tra_nsfer similarity law are the law of the wall, Reynolds
analogy and the assumed coincidence of u and TL'
A more descriptive and useful form of the f9 function in
equation 43 is afforded by the following similar but less direct de-
rivation of the heat transfer similarity law. First the flow is
divided into two regions by an imaginary cylinder passing through
the tips of the roughness elements at y equal to €. At this interface
the axial velocity, temperature, shear stress and heat flux
are defined as ug, Tg’ T and qo respectively. These are spatial
means which are taken along the interface surface over an interval
including many roughness elements in the same manner and in the

same operation in which temporal averaging was done to develop

equations 31 and 32. These statistical mean values are then independent
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of axial or circumiferential location in the pipe. That is, they are
independent of location with respect to a roughness element, and
the simple one-dimensional aspect of the préblem is preserved.
Note that the same treatment is tacitly assumed in the development
of the previously discussed fﬂction similarity law. By continuity,
the net flow through the interface, i.e. into and out of the .roughness
cavities, is zero, and this motion is thought of as part of the turbu=~
lent motion. Also the net axial fluid motion on the wall side of this
interface is assumed negligible. This will not be precisely true |
for the three~dimensional roughness elements being considered,
‘but the net heat convected from each cavity in the axial direction :
is still taken as insignificant compared to the radial heat flow out
of the cavity.

The definition for CI—I in equation 29 is resolved into

1 pc u pc u
e—=—B2 (T T )+ PZ(T -T ) (44)
H a, W g a, 8

The central flow region is then treated by the same procedure given
by Rannie (Ref. 14) for use in smooth tubes within the assumptions
used previously. Making use of the proper nondimensionalizing
groups from the law of the wall (Eq. 6) and integrating equations

31 and 32 respectively‘,f there follows
£

vy * .
-u 2
“m’7g =§ ayx ("% _dyx (45)
U, €% ZEM7v$+i : Vz* ZGM7v)
and _
y,* Vo™
pc_u 2 ® Mmoo
Po% (7 )zg dy +S y (46)
G L dex (e somik) Yy B/
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Here again the v ¥ value is taken sufficiently far from the wall that
the 1/Pr value and 1 are both negligible with respect to eM/v, and the
: ym* value is the assumed con?mon point where both w and TL are
attained. Subtracting equation 45 from 46, multiplying by um/u,r and
substituting from equation 21 yields an expression for the second

term on the right hand side in equation 44,

pc_u ' u_/u : :
—P T _TL)zci - 5Ty F{Pr’f*} (47)
R g F [cp/2  [cp/2
" where
¥ ,*
F {Pr,e*} = : [ 1 oL :ldy* | (48)
_ e * (?E!M/v H{d/Pr) (€ M/v 1

The cavity fiovv on the wall side of the separating surface
‘can be considered as a separate flow system with the cavvity walls
as one boundary and velocity, ug, and shear stress, 7 o’ represent-
ing the ¢onditioﬁs at the open boundary. By the law of the wall (Eq. 6),
the velocity at the location y equals € can be written

u u

=5 {e¥) (49)
T

=

Further, by rewriting equation 1 for the constant stress region and
differentiating equation 6, the turbulent shear stress can be written

for y equals € as
oo 2lu/u)
u'v' T .

7 = —yE L= leX)

-
Then from equation 49,
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Thus the conditions at the cavity opening are completely described

g and uTE./q-o7p .

Next the appropriate Reynolds number for the time mean

by u

cavity motion can be written

Eu u
Recs__v_g_ ze*Eg_ {ex} (50)

-
and the appropriate Stanton number for the time mean heat exchange

becomes

c. = %o (51)
He ~ T -T
¢ Pug iy =ty

and, by a dimensional analysis of the cavity flow,

Ciie = Cpe (Re,, Pr} (52)

The first term on the right of equation 44 is then written, again using

equation 21,

pc_u )
—pm 1

-T ):-. .
9% w8 ,/CF/Z (ug/uT)CHC‘{(ug/uT)e*,Pr}

Using equations 47, 49 and 53 in equation 44 and rearranging

(53)

terms gives the heat transfer similarity law again. This is written

here as
(CF/ 2C -1

/CF/Z‘

+8.48'= g {e*, Pr} (54)

where

. u
g{e*,Pr} = F{Pr,e¥} - £ {ex} +8.48
Ir

+ 1' (55)

u 143
g -
u—T‘{E*}CHC{e* u‘,,. {E }’ Pl‘}
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Note that the fg{e*, Pr} function of equation 43 appears in equation 54
as (g{€*, Pr} - 8.48). The term 8.48 was included to simplify the
form of certain limiting cases of equé,tion 55.

The limiting €* regions of the ''fully rough'' type and the ''smooth'’
type friction behavior discussed previously have simple forms for the
g{€*, Pr} function. For the fully rough region, the Reynolds number
similarity extends to the tips of the elements, and beyond, such that
the F integral as defined in equation 48 becomes zero. The logarith~
mic velocity law is assumed to hold to y equals € since the ''region of
overlap'' extends to this point, and since for sand grain roughness
Nikuradse (Ref. 10) found that A{€*} becomes constant at 8.48, equa-

tion 14 gives

= §8.48

sl <
q Jo

Then, by equation 55,

1
£
§.48 C; (8. 48¢%, Pr)

{e*, Pr} = (56)

8F.R.

Thus it is seen that, for the fully rough condition, is essen-

EF.R.
tially the reciprocal of the cavity Stanton number. The cavity Stanton
number (CHC) and hence the pipe Stanton number (Cig) are expected
to be functions of viscosity and of Prandtl number by reason of the
viscous layer that must exist at the cavity walls even though the fric-
tion factor of the pipe (CF) is essentially independent of molecular
processes.
For the smooth region, as €* approaches zero, the last term

on the right hand side of equation 55 which represents the temperature

drop in the cavity (TW—Tg) becomes insignificant compared to the
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first term on the right representing the temperature drop a'crosAs the
nearly undisturbed laminar boundary layer._;‘ Further, the velocity
at the tips of the roughness elements (ug) goes to zero, and the lower
limit of the integral, F, shown in equation 48 also approaches zero.
Thus, as expected, the smooth pipe law (Cf. Ref. 14) is approached:
(CF/ZCH)—l

«/CF/Z

#g-8.485F{Pr} | (57)

or
(_zf_}-_I.) = 1
C. 'S
F - 1+ /CF/Z F{Pr}
where the subscript S refers to ''"smooth pipe''. It is noted that here

once again the use of the similarity law reduces the order of the

problem by converting the unknown relation
Cyg {(Re, Pr}

into the unknown relation
F {Pr}

Referring to equation 48 with €* equal zero, it is seen that
the problem of determining F{Pr} can be further resolved into that

of finding
€
M .
e %
— {y*}
This is accomplished in principle by measurement of the velocity

profiles since by equation 3l,for y/R< <1,

M 1
v T A/ )&

-1 (58)
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However, for Pr values appreciably greater than 1.0, the F integral
becomes sensitive to values of EM/V very close to the wall where
sufficiently accurate measurements of the mean velocity profile are
difficult if not impossible to obtain. By hypothesizing a !'buffer
region'' joining a purely laminar region very near the wall to the
region of the logarithmic velocity law further out, von Karman (Ref.

21) generated a relatively simple form for F{Pr},
F{Pr} = 5[ (Pr-1)+ 4n (1 + % [ Pr-1])] (59)

which gives good agreement with heat trénsfer measurements for
Prandtl numbers between about 0.7 and 10. In order to improve
this theory at higher Prandtl numbers, Rannie (Ref. 14), Reichardt
(Ref. 22) and Deissler (Ref. 23) have used various mathematical
models allowing for a continuous variation of EM/V which becomes
zero only right at the wall.

The validity of the assumptions leading to the heat transfer
similarity law for rough pipes will next be considered. First the
possible errors in the heat transfer similarity law for smooth pipes
are of interest in that they will imply errors in the rough tube law
which is based on the same assumptions. For Prandtl number equal
to 1.0, the smooth pipe heat transfer equation takes on a simple

form. As seen from the F integrand (Eq. 48),

F{1.0} =0
and
2C
H, _ .
(——C—-—— g = 1.0 (60)
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This result might have been expected from the fact that the dimension-
less temperature and velocity profiles are the same, Cf. equations 31
and 32, for Pr =1 and €1y = € However, the definitions of the mean
velocity (Eq. 18) and the mixed mean temperature (Eq. 30) used in
the usual CH and CF definitions are not similar; equation 60 is ob~
tained only by use of the simplifying, but slightly erroneous, assump-
tion that TL and u  are reached at the same distance from the wall.

Reichardt (Ref. 22) has considered a first order correction
for this assumption along with corrections for two other assumptions
involved in the present theory for smooth tubes., First the assump-
tion of €., = €

H M

from the wall. This is based in part on reference to the Taylor vor-

is not expected to hold at appreciable distances out

ticity transfer theory (Cf., e.g., Ref. 18, p. 389) which predicts that

eH/eM = 2.0

This prediction has been confirmed by observations in free turbulence.

Reichardt argues that

eH/eM

will occur only in the immediate neighborhood of the wall. Secondly,
the heat flux rate does not vary linearly with radius near the wall
since the velocity profile is not uniform in this region. And finally,
the complete integrations of the temperature and velocity profiles
must be used to eliminate the approximation discussed in the pre-
ceding paragraph. For the simple case of Pr = 1, Reichardt's theory

gives



C H)s - &, (1+1 ) T #gl/umf T, (61)
EMm e ( W L)/( wo CL)

where the successive terms on the right represent the integrated ef-
fects of the various corrections to the present theory in the order in

which they were discussed above. In smooth tube experiments, in~-

cluding the present experiments, it is found that

(—C——) =10 (62)

F exp'l.
for Pr = 1.0 over a large range of Re values. Using this observation
and Reichardt's computed values for the second and third terms on
the right in equation 61, it is possible to compute the effective ratios
of the eddy diffusivities as follows:

€

H T
(———-)m {Re =107} 1.21

€M

and
€o 67 ~
(——-(_;M)m {Re =107} % 1.06

Thus the experimental result of equation 62 cannot be taken as a veri-
fication of the modified Reynolds analogy assumption; on the contrary,

it tends to support Reichardt's reasoning that € increases from

1/ € M
1.0 at the wall to higher values nearer the pipe center.

The smooth tube theories of Rannie* (Ref. 14) and of von Kdrmaéan
(Ref. 21) contain the heat transfer similarity law. As shown in the pre-
ceding discussion, the success of these theories in predicting experi-

mental results (Cf.Sec. IV.~-B) is apparently due in part to the cancel-

lation of errors introduced by the assumptions. The possibility exists

*Rannie's complete theory includes a first order correction for the
assumption that u,, and Ty, are coincident. With this correction his
theory necessarily does not obey the heat transfer similarity law.
Rannie's theory as used in this discussion refers to that part of his
development which does not include the correction term.
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that this cancellation will not be as compiete for the case of rough
tubes. In particular, the large difference between the velocity pro-
file shapes for rough and smooth tubes operating at the same Rey~
nolds number (Cf., e.g.., Ref. 19, p. 56) may make the assumption
that U and TL are reached at the same radius a poorer assumption
for rough tubes. A check on the effects of this assumption is pro~
vided by carrying through the development of the theory without this
simplification; this can be done readily as follows if fully rough
operation is assumed.

No net axial flow through the roughness elements is assumed
to occur on the wall side of the cylinder passing through the element
tips, and further, for the fully rough condition, the terms v and
v/Pr in equations 31 and 32 are assumed negligible throughout the
flow inside of this cylinder. Defining an effective mean value of
the eddy diffusivity ratio (eH/e M)y Which is independent of radius,
the velocity and temperature profiles in the central flow region

are simply related as

_qo
T-T, = > (u - ug) (63)
pe,u (€ 11/€ N

Then using the definitions of w and T

L, in equations 18 and 30 re~

spectively, equation 63 is integrated to give

4o ¢
T -T, = st (u_~u_ ) (64)
g L pcpuf_ (EH/EM)m D" "m g
where
2
. (a/u )/ (w/u) = (a,/u ) )

(u/u) -(ug/u#)



~30~

" and the bar signifies

a5 =2 ( el &) Gl
D’ T R’D’ 'R'"'R

2¢/D

where @ is an arbitrary dependent variable.
Using equation 14 for the fully rough condition and the constants for

the sand grain roughness,

€ €
ulg.;‘-{;—D}sz.s In(l-—rﬁ)-Z.B In(25) + 8.48 (66)

L]

and, as given in the discussion leading to equation 56,

a v
—£8 = g.48 (67)
= .

-

Substituting equation 64 into equation 44 and following the same steps

used to %enerate equation 54 yields
B

S
: € €
H H Mm g .48=g {e*, Pr}
/2
(68)
___mnle/D}
+ 8.48 (1 (G )

where the g{€%*, Pr} function is the same as that used in equation 54.
Equation 68 differs from the similarity law (Eq. 54) only insofar as
{5}/ (€ y/€y,),, differs from 1.0.

An evaluation of q{%} from equations 65, 66 and 67 shows
that

€1 2 <& <
nigt =1.055, 0.01 5<0.1
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and that n {€/D} falls off rapidly to 1.0 for €/D< 0.0l.%* The term
: (eH/e M)m may be assumed to take on similar values; hence it is
doubtful that any improvement in the heat transfer similarity law
will be gained by using n{€/D} /(€ H/e M)m values other than 1.0. And
since the errors due to the various approximations in the heat trans-
fer similarity law appear to be small and to tend toward cancellation
for both the ''smooth'’ and ''fully rough'' regions, it is assumed
that the relation expressed by equation 54 is uniformly valid for all
regions of operation including the transition region.

The fundamental notions presented in this section can now
be summarized in terms of three similarity laws for rough pipes
with geometrically similar roughness elements. All of these laws
are ultimately dependent on the postulate of the ''law of the wall'
represented by equation 6, and they all have the property of reducing
the respective problems of finding the functional dependence of a
dependent variable on various independent variables to substitute
problems containing one less independent variable. The three simi-
larity laws together with the respective special forms for the
""smooth!' region and fhe ""fully rough'' region can be summarized

as follows:

*The value of f {e/D} for €/D = 0.0 has little physical significance
since the fully rough condition requires that Re = oo for this case.
The n{€/D} term in equation 68 for fully rough pipe flow and the
last term on the right of equation 61 for smooth pipe flow both rep-
resent corrections for the same assumption used in the derivation
of the heat transfer similarity law. However, the relationship be-
tween the correction terms ends there. One of these correction
terms cannot be obtained from the other as is indicated by the fact
that the n term evaluated for fully rough conditions depends only
on € /D while the term in equation 61 depends on Re and Pr.
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The Velocity Similarity Law

o= B in(y/e) = A {ex}
,

For the smooth region
Af{ex} = Al + B In (€%)
For the fully rough region

A{ex} = A

The Friction Similarity Law

____L_+an(z%)+ B = A {ex}

/2

For the smooth region

A {e*x} = A, + B In (e%)

1

For the fully rough region
A {ex} = A

The Heat Transfer Similarity Law
(CF/ZCH)-l

./CF/z‘

For the smooth region

+ A =g {e*%, Pr}

g{e*,Pr} = A+ F {Pr}

For the fully rough region

_ 1
gle*,Pr} = 7 C, . (Ae%, Pr}

(14)

(26)

(54)
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The constants B and f are universal; the .constant Al is applicable to
SmOOti’l pipes; the function A{€*} depends in general on the type of
roughness as does the coqstant A; the functions g{e*, Pr} must also
be determined for each type of roughness, and the function F{Pr} is
that already determined for smooth pipes. The friction and velocity
laws have been thoroughly tested and verified for rough tubes by
Nikuradse (Ref. 10). The heat transfer similarity law for rough tubes~=
to the writer's knowledge-~-has not been previously formulnated in this
manner., The experiments presented in this thesis are suitable for
checking the validity of this law and such a check is made. The
relation given herein between the heat transfer similarity parameter
(g) in the fully rough region and the so-called cavity Stanton numbe#

(C c) does not in itself provide any information; however, it does

H
focus attention on the residual problem of finding an appropriate
Stanton number for the cavity flow. A theoretical model of the cavity

heat transfér will be presented in an appendix.
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III EXPERIMENTAL APPARATUS AND METHOD

A. Fluid (Water) Properties

Distilled water was used as thevworking fluid in these experi-
ments. At the start of the test program, a measurement of the elec-
trical conductivity of the water using a Barnstead Purity Meter,

Model PM-2, gav.e a reading of 1. 0 parts per million (ppm) equivalent
of sodium chloride in water. At the completion of one-half of the

test program a reading of 2.6 ppm was obtained. This may be com-
pared to a reading of 1.4 ppm made with the same meter on freshly
double-distilled watér. The entire enclosed test system was composed
of stainless steel with the exception of the nickel tube and the receiver
tank which was rhade of galvanized steel; hence, the low dissolved-
salts impurity level shown by these measurements was readily main-
tained. However, since the water was pumped by nitrogen gas, it
may be assumed that the water was nearly saturated with this gas

at the temperé.tures and pressures of the various tests.,

The properties of water used for reducing the data of these
experiments were interpolated from tables of density, specific heat,
kinematic viscosity, and Prandtl number as functions of temperature

found in Eckert and Drake (Ref. 12, p. 500).
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B. Experimental Tubes

The following characteristics were required of the tubes used
in this experimental program:
i) A rough inner surface of continuous metal.
ii) Approximately 0.4-~inch-diameter in order to utilize
existing fluid pumping and metering equipment
effectively.
iii) Approxirhately 37 inches of length in order to
provide for established conditions.
iv) Wall strength sufficient to withstand fluid pressures
of 350 psig.
v) A uniformly thin wall to suffice as an electrical
heating element utiiizing an available electrica;l
source.
vi) A well established thermal conductivity of the
material to permit calculation of inner. wall tem-~
peratures from measurements on the outer wall.
The desired features were obtained by an electroforming construction
process which has not been hitherto applied to making tubes for this
purpose. In the process, nickel was electrdplated onto a sand-
covered mandrel, and the mandrel was subsequently dissolved with
chemicals leaving a pure nickel shell which served as the test tube.
More details on the basic tube construction are presénted in Appendix
I. Samples trimmed from the ends of the four tubes used in the tests
are shown in Fig. 1. An almost exact cast of 1‘;he original mandrel
was obtained for all tubes, and, although the tube surfaces have an
inverse impriht of a partially-filled sand surface, the tube surfaces

have the general appearance of an array of sand grains. Close
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examination reveals that, as expected, the cavities are slightly more
~ concave in appearance and the protrusions are slightly more cusp-
like than the respective features of a sanded surface.

The tube wall material was found to be of high purity, free of
inclusions, and uniform throughout. Electrical resistivity measure-
ments, discussed in Appendix II-A, reveal the nickel to be only
slightly less pure than the 99.98 percent-pure electrolytic nickel
reported on in Ref. 24, p. 427. Further, the nickel in all tubes and
throughout each tube was found to have essentially the same resis-
tivity, Cf. Appendix II-A. Figure 2 shows photomicrographs of
etched samples taken from each tube. These samples, along with
others not shown, reveal a very u,nif_orm nickel grain structure and
show no evidence of inclusions or voids.. The thermal conductivity
~ of the wall material was determined, as shown in Appendix II-B,
from the electrical resistivity measurements and from the measure-
ments of thermal conductivity of the very pure nickel reported on in
Ref. 24, p. 425. A semi~empirical relationship between the thermal
conductivity and electrical resistivity suggested by Smith aﬁd Palmer
(Ref. 25) was used in this determination. |

Table 4 presents the significant dimensions of each of the
four experimental tubes. The inside diameter of the tubes is de-

fined as

,—-l

D= | 4AV] | (69)

where AV is the volume contained in the length Ax. The values used

for the inside diameter in Table 1 were based on 12 outside diameter
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measurements of the origiﬁal mandrel with corrections for the mean
sand protrusion. As a check, the diameter was also determined volu~
metrically’a.s prescribed in equation 69 by means of burette measure=~
ments of the volumes of‘ water required to fill successive lengths of
the tube. And as another check the inside diameter was indicated by
measuring the outside diameter of the finished tube and subtracting
the wall thickness. All three of these diameter measurements agreed
within their respective limits of accuracy, and they showed the
diameter to be uniform for each tube.

The effective tube~wall thickness used in determining the

temperature drop in the wall is defined implicitly from

: P
tix) = R EDEED (70)

where Pe is the electrical resistivity of the wall material and dRe,/dx
is the resistance per unit length of tube. This definition is developed
in Appendix II-C. Values of wall thickness, computed by equation 70,
agree closely with the thickness measured on photomicrographs taken
from end éamples of each tube. Table 1 contains wall thickness
computed by equation 70 for a particular longitudinal station on each
tube. As discussed in Appendix II-C, a slight 1ongitudinal taper in
the tube wall was observed on all tubes and is taken into account in
the data reduction.

A qualitative indication of the relative degree of roughness
attained on the four finished tubes is provided in Figureé 3 and 4.
Figure 3 shows photomicrographs of longitudinal and circumferential
sections of each tube. For the smoother E—-3 and D-3 tubes, a better

resolution of the roughness is provided by records made with a
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Brush Surface Analyzer; sample records are shown in Figure 4. It
should be noted that these figures both represent plahar cross sections
of the surface and that, since the roughness elements are distributed
in a two-dimensionai pattern, the cross-section~cuts only occasion~
ally pass directly through an element to give the true roughness
height. For the same reason these figures give the appearance of a .
more random roughness pattern than that which actually exists in the
intentionally roughened tubes.

The roughness ratio (¢/D) of each of the three rough tubes is
operationally defined to obey the friction similarity law presented in
Section II. Since the sand-grain roughness used in Nikuradse's ex=
periments (Ref. 10) satisfies this law, the required definition is
accomplished by assigning to each tube that sand-grain roughness
ratio (€ s/D) which gives the same friction factor for fully-rough con-

ditions (C These '*hydraulic equivalent'' sand-grain sizes

F F.R. ).
are presented in Table 1. Also shown in Table 1 are the mean
diameters of the sand grains used in making the mandrels for the
respective tubes; determination of these grain diameters is discussed
in Appendix I. The fact that the ratio of the diameter of the sand used
in making the mandrel to the '"hydraulic equivalent'' sand diameter
of the finished tube is not constant from tube to tube is an indication
that the tubes do nbt have exactly geone trically-similar roughness
elements. The reasoning behind his statement and the impliéations
of the statement will be discussed in Section IV.-F.

A drawing of the complete test-section assembly is shown

in Figure 5, and photographs of one of the tubes taken before and

after installation are shown in Figures 6 and 7. A continuous
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electroformed~nickel tube forms the entrance section and the heated
test section. By the method described in Appendix I, a one~inch-long
smooth section was formed near the center of all of the rough tubes.
Three equally spaced, 0.032~inch-diameter holes connecting the center
of this smooth region to a small ring manifold constitute the pressure
tap at the entrance to the heated test section. The downstream pres-
sure tap having the same geometry is located in a smooth section
1/2~inch from the exit end of the rough tube. Copper blocks, silver-
brazed to the nickel tube, serve as electrode attachment points and
distributors of the electric current. The center block is extended
to form part of a sliding seal. This seal together with a somewhat
similar seal arrangement at the tube entrance end permits the tube
to expand axially when heated while maintaining a pressure seal and
electrical isolation, The exit end of the test section is electrically
isolated by a s.pecial flange which also incorporates a thermal .
mixing chamber. The mixing chamber consists of a brass thermal
equalizer which is isolated from the other‘ metal parts by a teflon
sleeve. The equalizer has drilled holes directing the flow first into
an outer chamber and then back into the central passage.

Three wall-thermocouple stations are located in the heated
test-section at the positions listed as E, F and G in Table1. At
each station, three thermocouples are mounted 120 degrees apait
and are arranged to match the circumferential locations of the ther-
mocouples at the other stations. Figure 5 shows a typical thermo-
couple station. The thermocouple junctions are formed by discharge

welding 0.005-inch-diameter Chromel and Alumel wires to the
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" nickel tube leaving a 0.020~inch gap between the ends of the wires
such that 2 Chromel~nickel junction and a nickel-Alumel junction
are formed in series. The insulated leads are wrapped several turns
around the tube and are secured to the tube with high temperature
cement. A cover is provided for each set of thermocouples to pro-
tect the junctions from injury and to further insure that the leads
will approach the heated tube temperaturé and thereby minimize
heat conduction from the junctions. Also shown in Figure 5, item
14, is one of two voltage probes mounted on each tube at the loca-
tions indicated by A and B in Table 1. The voltage probes each
consist of a 1/2~inch ”pig tail'' of 0.0l0-inch~diameter Constantan
wire which is end welded to the nickel tube by electrical discharge.
The use of Constantan prevents appreciable variations in the re-
sistance of the voltage leads due to changes in tube operating tem-~

perature.
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C. Test Facility and Instrumentation

A general view of the test facility from the front of the gage
panel is shown in Figure 8, and Figure 9 shows a simplified sche=~
matic of the system. Appendix IIi contains complete hydraulic and
electrical systems schematics along with designations of the more
important equipment items and instruments.

The basic features of the facility may be described by re~
ferriﬁg to Figure 9. Electrical immersion heaters are used to heat
the water in the reservoir tank to the test conditions; pumping the
water through the mixing loop keeps the temperature uniform
throughout the tank. During the tests, the introduction of pressure
regulated nitrogen into the reservoir tank pumps the water upwards
through the i:est section and into the receiver tank. The plumbing
just upstream of the test tube entrance consists of a 12-inch straight
run of one-inch~diameter guide tube (See item 3, Figure 5); ahead
of this the flow turns 90 degrees in a ''tee’' fitting which mounts a
thermocouple measuring the inlet flow temperature. For most of
the tes‘ts,v a 11-1/2-inch-long (29 diameters) segment of rough tube
was insefted into the guide tube just ahead of the entrance section
of the tube being tested. This additional entrance section, which
has the diameter and roughness of the C-9 tube (See Table1), was
expected to improve the symmetry of the fluid velocity distribution
at the test tube entrance. The water flow rate is controlled by com~
binations of settings of the reservoir-tank nitrogen regulator, the
throttle valve, and the receiver~tank back-pressure regulator. Fol-
lowing the tests, the water is returned to the reservoir tank by

pressurizing the receiver tank and venting the reservoir tank. The
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system has provisions for maintaining the pressure above atmospheric
pressure in all parts of the system; these permit operation at temper~
atures above 212°F. The tube heating is supplied through a 100 kva
variable-tap~-primary transformer with 2500 amperes capacity in the
secondary circuit. Tube voltage-drop settings lower than those pro-
vided by the transformer are achieved by introducing an auxiliary
resistance tube into the circuit, Cf. Appendix III, Fig. A-III-2, The
electrodes on the test'section and the mixing flange (see Fig. 5) are
maintained at temperatures near that of the flowing water by means
of electrical resistance heating tapes which are controlled by small
variable transformers. The tapes are shown installed in Figure 7.
Temperatures of the electrodes and the mixing flange are indicated
by the output from thermocouples mounted on the respective metal
parts.

Water flow rate is determined from measurements of the
pressure differential between the reservoir and the throat of a cali-
brated venturi located at the reservoir exit, The differential pres-
sures are monitored on one of several bellows~type differential
pressure gages which can be connected to the venturi through se-
lector valves, see Appendix III. The need for correctioné due to
differential head effects in the gage lines is eliminated by provisions
for maintaining roorﬁ temperature water in all vertical legs of the
gage lines. Trapped air was bled from the lines prior to each test.
In addition, horizontal lengths of line with volumes greater than that
of the bellows chambers are located immediately adjacent to the
venturi and tank fittings; this provision keeps heated reservoir water

from being drawn into vertical gage lines when the starting or
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stopping of the flow causes motion of the gage bellows.

The test-section pressure drop between the tube fittings (shown
in Fig. 5) is measured by techniques identical to those described for
the venturi pressure differential measurement. In this case, however,
the column of water in the vertical test section, which forms a part
of the gage circuit, was not necessarily at room temperature. For
high temperature tests, the density difference between that of the
water in the tube and the water in the rest of the gage circuit pro-
duces a small differential pressure at the gage under the no-flow
condition. This effect was eliminated frorﬁ the gage reading by flush-~
ing heated water from the reservoir through the test section prior to
each test, stopping the flow, and adjusting the differential pressure
gage to read ''zero''.

The electrical power Supplied to the tube is measured by a
wattmeter. A current transformer used to reduce the current and
a potential transformer used to increase the potential bring the re-
spective signals into the range of a standard wattmeter. A switch
in the potential circuit permits the input to be taken either from
voltage probes on the tube (see Fig. 5) or from similar probes
mounted on the copper electrode blocks. Further redundancy in
the power determination is provided by voltmeter and ammeter mea~
surements. The complete power metering system is shownvin Ap-~
pendix III, Fig. A-III-2,

The bulk temperatures of the fluid entering and leaving the
test section are monitored respectively by two immersion-type
Chromel~Alumel thermocouples with the junctions fused into the

bottom of glass wells, see Figure 10. The entrance thermocouple
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is mounted in a ''tee'' with the glass well axis coincident with the
tube axis. The junction is located approximately 12-inches upstream
of the test tube entrance. The exit thermocouple, shown installed in
Figure 7, is mounted in a similar manner with its junction approxi-
mately 1/2~inch downstream of the mixing chamber (see Fig. 5)..
The leads from the immersion thermocouples as well as the leads
from the tube~wall thermocouples (discussed in Sec. III-B) are con-
nected to copper wire extensions in a stirred ice-water bath. Each
of the connections between thermocouple wire and copper wire is
in a separate glass cell immersed in the bath. The copper exten-
sions are connected into a switching network (see Fig. A-III-2,
Appendix III) which is used to connect any of the eleven thermocouple
circuits to a hand-balanced potentiometer-~galvanometer. The
swit'ching network also provides a means for directly measuring
the e.m.f. difference between any of the thermocouples and the

outlet~water thermocouple.
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D. Procedures

1.

Test Operation

A series of 45 to 55 heat transfer tests was performed on

each of four tubes. The test conditions for each series consisted

of the combinations of 4 or 5 nominal water flow rates (0.20, 0. 35,

0.60, 1.00 and 1. 75 pounds per second), 4 nominal bulk fluid tem-~

peratures (80, 103, 149 and 290°F) and 2 or 3 heat flux rates in the

range of 0.05 to 0.7 Btu per square inch-second. A set-up sheet

prescribing the settings of the system needed to produce the de-

sired test conditions was prepared for each test series. Prior to

each test, the following operations were performed:

i)

ii)

iii)

iv)

v)

The reservoir water was preheated to the prescribed tem-~

perature and mixed.

The electrédes and the fnixing chamber on the test section

were preheated to the computed local equilibrium tempera-
ture. |

The differential pressure gages for the test-section and

venturi pressure-drop measurements (AP and APV re-

TS
spectively) were selected; the respective gage lines and
bellows chambers were bled free of air; and the gage indi-
cators were adjusted to read ''zero''.

The output voltage of the power transformer was set.

The nitrogen regulator on the reservoir tank was set to
operating pressure, the back pressure regulator on the
receiver tank was set, and the receiver tank pressure

waé brought up to this setting. For tests with water tem-

perature less than the boiling point, the receiver tank
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was simply vented to the atmosphere.
The galvanometer indicator was set to read ''zero'' (using a
special procedure described in Sec. III-D-~2), and the

potentiometer voltage was standardized.

The allowable test duration, limited by the capacity of the

reservoir tank and the water flow rate, varied from 2 minutes 45

seconds to 15 minutes. The task of registering all of the necessary

data in the short periods available was facilitated by the use of a

dictating machine to record the data which were read aloud during

the test. For the short duration tests, three operators were em~

ployed to read the various instruments in rapid succession. The

principal operations during each test were as follows:

i)

ii)

iii)

The remotely opérated reservoir tank valve was opened
allowing flow to start, and the throttle valve was adjusted
to permit passage of the prescribed flow rate.

The relays were closed bringing power to the test section.
Following a delay during which approximately 10 percent
of the total water supply was allowed to pass through the
system and establish equilibrium conditions, the operators
read in succession: the power metering instruments, the
electrode and flange temperatures, each of the 10 differ~
ential temperatures (tube-wall and inlet-water minus
outlet~water), the inlet-water temperature, two selected
tube~wall temperatures, the pressure drops in the venturi
and across the test section, and the pressures in the tube

and in the reservoir tank.
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iv) These readings were repeated if time allowed.
v) Power was cut off.
vi) Flow was shut down by the throttle valve.
vii) Zero readings on the differential pressure gages and the
galvanometer were checked.
Following the test:
i) The wafer was chilled in the receiver tank if necessary for
the succeeding tests.
ii) The water was returned to the reservoir tank.
iii) The data were recorded from the dictating machine onto a
special data sheet éhowing the relative times at which the

respective readings were taken.

2. Calibration

The three differential pressure recording gages (6-20, 0-100
and 0~300 inches~of~water) were calibrated in situ against manome-
ters. The calibration system is shown schematically in Figure
A-III-1 and pictorially in Figure 8. This system provides a means
for nitrogeh—purging the water out of the lines joining fhe manometer
and the gage and out of the gage bellows chambers prior to calibra-
>tion. Thus no spurious pressures are produced by unbalanced water
columns. Nitrogen gas, regulated to selected pressures, is fed
into the manifold connecting the high pressure sides of the manome-
ter and the gage; the low pressure sides of each are vented to the
atmosphere. The difference between the manometer and gage read-
ings then provides the desired gage correction term. The more

rugged, high level (0~25 and 0-50 psid) differential pressure gages
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were calibrated against'a_, 140-~inch mercury manometer located in a
separate laboratory; the same techniques used in calibrating the
lower scale gageé were used for the higher scale gages. Several
~ calibrations of the differential pressure gages were performed at
different times in the‘test program with no appreciable changes in
the gage corrections being observed.

The discharge coefficient for the flow metering venturi was
determined by operating the flow system in the normal manner exw~
cept that the flow was discharged into a weighing tank instead of
the receiver tank. Pressure differentials were measured by the
calibration~corrected gages used in the tests. Figure 1l presents
the calibration data as a dimensionallform of the square of the dis-
charge coefficient plotted against w/p which can be thought of as
a dimensional form of the Reynolds number. In this term W is the
mass rate of fluid discharge and w is the fluid viscosity. The curve
drawn through the points in Figure 1l gives the discharge coefficient
used for flow rate data reduction. The strange kink in this curve
at w/p equals 3000 feet is thought to be caused by a flow-separation
region occurring near the first entrance; this first entrance is
shown in the sketch of the venturi profile in Figure 11. As Reynolds
number is increased to the observed critical value, this separated
region is assumed to extend into the venturi throat thus partially
choking the passage and decreasing the discharge coefficient. Whether
or not this explanation is the correct one is of little consequence to
the present experiments since all that matters here is that the dis-~
charge coefficient obtained is Reynolds number correlated, and this

is demonstrated to be the case by the agreement shown in Figure 11
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between calibration measurements at differing temperatures, i.e.,
differing fluid viscosities. Note that cavitation effects are unlikely
since the pressure in the venturi throat was seldom, if ever, below
50 psia in the calibration tests.

A step-up transformer in the wattmeter potential circuit was
used to increase the voltage signal from potential drop in the heated
test-section by nominally a factor of 10. This novel use of an instru-
ment transformer required special care to avoid errors due to im~
pedances in the measuring circuit. A check by oscilloscope of the
transformer under load conditions showed the phase shift through
the transformer to be almost exactly 180 degrees indicating that the
transformer coil impedances are purely resistive. Thus the effec-
tive potential ratio across the transformer can be expressed with

good approximation by

2
AEZ N n[]_ ) R2+ RLZ-I- n (R1+ RLl):l
El : .Rm
where n is the turns ratio and Rl’ RZ.’ RLl' RLZ and Rm are respec-

tively the resistances of the transformer primary coil, the trans-
former secondary coil, the leads from the transformer to the tube,
the leads from the transformer to the wattmeter and the wattmeter
potential coil. The wattmeter coil resistances were given by the
manufacturer and the other resistances were measured by the use
of a Kelvin bridge. The contribution to the transformer potential
ratio from the combined-resistance correction term ranged from

2 to 5 percent depending on the wattmeter scale being used. The

transformer potential ratio computed by the foregoing equation was
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confirmed by the results of several auxiliary tests in which standard
alternating-current (AC) instruments were used to measure the ratio
directly while the transformer was subjected to loads similar to
those used in the experiments.

The wattmeter was calibrated against standard direct-current
(DC) instruments over the range of voltage and current combinations
encountered in the experiments. Correction charts were prepared
for use in the data reduction; none of the corrections exceeded 2
percent. Additional calibrations of the wattmeter and potential trans-
former combination against standard AC instruments under selected
load combinations further substantiated the principal calibration tech-
niques, |

Auxiliary checks on the tube power measurement were pro-
vided in each test by redundant measurements with a voltmeter and
an ammeter; these instruments were also calibrated against standard
instruments. Oscilloscope measurements showed the power factor
for the experimental tubes to be 1. 00; this fact permits the product
of the current and the voltage drop to be used directly as a measure
of heating power. It was also observed that the tube resistance
computed as the quotient of the AC voltage drop and the AC current
agreed with DC tube resistance measurements (Cf. Appendix II-A).
This observation tends to confirm computations which indicate that
the AC phenomena of hysteresis-heé.ting and skin~effect are negli-
gible for the nickel tubes employed in the experiments.

Particular care in calibrating the therrfxocouples and the
thermocouple e.m.f. measuring system was required in order to

achieve the desired accuracy in the CH determinations. The
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calibration of the e.m.f. measuring system will be discussed first.
All of the tube~wall thermocouple wires are matched in length so
that their resistances are equal. In addition, matching resistors
are connectéd into the switching network, Ci. Fig. A-III-2, such
that the impedance presented to the potentiometer is the same whether
e.m.f. is being read from tube-wall thermocouples or the water-~
immersion thermocouples or any of the difference combinations.
It is then possible to minimize the effects of stray '‘thermal e.m.f.'!
generated in the potentiometer~galvanometer circuit in the following
way; First, the potentiometer battery is switched out of the circuit
and across an external resistor which keeps the current drain on
the battery essentially uninterrupted. Then a resistance, which
matches the thermocouple network impedance but contains no e.m.{.
source, is switched across the potentiometer input posts in place of
the thermocouple network. In this state the potentiometer-galvanome-
ter circuit is complete with essentially the same resistances as exist.
in normal operation, but the circuit contains only the stray e.m.f.'s.
Under these conditions, the galvanometer indicator is set to read
zero; if the same null position is used during ?:he tests, the effects
of the stray e.m.f.'s are then automatically subtracted. Finally the
battery is switched back and the thermocouple system is reconnected.
The absence of stray e.m.f.'s in the switching network was demon-
strated by placing one of the hot junctions, normally used to measure
water temperature, into the same ice bath vvith_the corresponding
cold junction; the measured .e. m.f. in this thermocouple circuit,
which includes the switching network, was nil. The potentiometer

itself was calibrated against a higher-order-of-accuracy standard
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) potentiometer and was shown to have negligible error. Since the
thermocouple circuit impedance is large, approximately 320 ohms,
compared to the potentiometer impedance, it is permissible to use
the galvanometer as a deflection instrument over a small range.
This facilitates rapid successive readings of the differential e.m.f.'s.
A calibration of the galvanometer deflection showed a linear relation
to exist between the imposed e.m.f., unbalanced by the potentiometer,
and the deflection. The deflection coefficient is 7.7 microvolts per
millimeter over the allowable deflection range of + 10 millimeters.
A final check of the thermocouple e.rﬁ.f. measurement system was
provided by each test wherein certain of the thermocouple e.m.f.
differences were obtained by takiﬁg readings from the individual
thermocouples and subtracting the results as well as by reading a
direct electrical difference in e.m.f.; the agreement found was
within the limits of thebombinebd reading accuracies in all cases.
The glass-well immersion thermocouples were both cali-
brated by inserting them together with a standard mercury-in-glass
thermometer iﬁto a controlled furnace which was operated at tem-
peratures from 70 to 350°F. A comparison of the thermocouple
e.m.f.'s and the thermometer readings provided data used in com-~
puting both the thermoelectric power of the exit-water thermocouple
and the isothermal difference in e.m.f. between the two immersion
thermocouples as functions of tempefature. In addition, the abso-
1ﬁte e.m.f. level versus temperature for the inlet-water thermo-
couple was provided by the results of this calibfation, The use of
these three functions to convert the thermocouple e.m.f.'s to tem-

peratures is discussed in Sec. III-D-3.
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A series of nearly-isothermal-flow calibration tests was
performed for each tube; these tests were carried out in the same
way as the heat transfer tests except that no heating power waé
used. Each of the combinations of water temperature and flow
rate, i.e. of Prandtl and Reynolds numbers, used in the hot-test
series was included in this calibration series. The isothermal
tests supplied the following information:

| i) Test section pressure drop and flow rate .fi'om which CF{Re}
for isothermal conditions was determined.
ii) The rise in the bulk water temperature due to frictional
- heating was obtained from the high flow rate calibration
tests. This small energy rise, which is due primarily

to the flow resistance of the outlet mixing-chamber, agrees

with the pumping work computed from the estimated mixing

chamber pressure drop.

iii) A spurious heat loss from the water was observed and
evaluated. In these isothermal calibration tests the elec~
trodes and the exit mixing flange were maintained at
temperatures very near to the water temperature so
that heat exchange at these points was assumed negli-
gible; furthermore, the natural convection and radiation
losses to the atmosphere are computed to be of only
secondary importance. Nevertheless, at the highest
water temperature (290°F) a very small but measurable
'"spurious heat loss'' was observed. This heat loss is
assumed to have the same magnitude in the corresponding
hot tests. The difference between the surface tempera-

tures of the tube and its attachments and the temperature
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of the surroundings is nearly the same for the hot tests
as for the corresponding calibration tests.

iv) The isothermal e.m.f. differences between the tube-~wall
thermocouples and the outlet-water thermocouple were es-
tablished. Corrections to these measurements, required
because of water 'temper’aturé changes caused by frictional
heat gains and spurious heat losses (see items ii and iii),

were readily determined and applied.

The e.m.f. ~temperature dependences of all of the wall ther-
mocouples on any given tube are nearly identical. This should be
expected since the thermocouple wires were taken successively
from thle same spools. The thermocouples for one of the tubes \;vere
made from wire coming from different spools than those used for
the other tube~wall thermocouples. The e.m.f. at a given temper-
ature for the thermocouples coming from the odd spools was con-
siderably different than the e.m.f., of the others; this difference
amounted to as much as 75 microvolts at some temperatures. Also
the differences in isothermal e.m.f. between any of the tube~wall
thermocouples and the glass-well thermocouples were as much as
100 microvolts.

In addition to the standard, non-heating, calibration test
series, a set of calibrations was performed for each tube with con-
ditions similar to those described in the previous paragraph except
that temperatures of the electrodes and of the exit flange were pur-
posely adjusted to various values differing from the water temper-
ature. From f_he results of these tests it is possible to ascertain
corrections for the effects of the srﬁall temperature mismatches

which are unavoidable in the heat transfer tests.
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3. Data Reduction
A major part of the data reduction was accomplished with
a digital computer; consequently the reducfion methods were de-
vised to best utilize simple step~-wise computer procedures, The
over-all reduction was performed in three phases: preliminary,
computer and final. Frequent reference will bé made in this sec-
tion to Appendix IV wherein certain of the reduction formulas are
developed and the computer program formulation is presented.
In the preliminary reduction the following operations were
performed on the original data:
i) Redundant measurements were checked for consistency,
and in cases where more than one set of data on a given
-run were available, the best set was selected primarily
on the basis of the smallest variations in tube power
readings and secondarily on the closeness of the tem-~
perature match between the electrodes and the local
bulk water.
ii) Gage calibration corrections were applied to the tube
and venturi pressure drop measurements and the result-
ing values were converted to standard units.
iii) The electrical power readings taken before and after
the main thermocouple readings were averaged; cali-
bration corrections were applied; and the result was
converted to standard units.
iv) The thermocouple e'.m.f. corrections accounting for
the frictional heating and the heat gain or loss from

the electrodes or mixing flange were computed and
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applied to the various differential e.m.f. measurements.

The method for arriving at these corrections is described

in Appendix IV-A.

The data read into the computer consist of corrected and con~
verted values for test section pressure dxjop (APTS), venturi pres~
sure drop (APV), tube power at the probes (WP), inlet-water and
outlet-water thermocouple e.m.f.'s (EO, Ell)’ differential e.m.£.
for the inlet-water and outlet-water thermocouples (as corrected in
item iv above) (AOEllT)' differential e.m.f.'s for each of the tube-~
wall thermocouples and the outlet-water thermocouple (as corrected
in item iv above)(AxEnT), and test-section voltage drop and current
(ETS’ I). The use of these data in the computer program and the
computer operations are discussed in Appendix IV-C. Only the more
important and/or unique steps in the computer phase of the data re-~
duction will be discussed herein.

The flow rate was determined by use of the venturi calibra-
tion curve, the density of the fluid in the venturi (implied by EO),
and the venturi pressure drop. (APV). The friction coefficient can

be expressed in the form

pPAP ' :

T

CF-—-Kl[- _Zs-y] | (71)
: w

where"the constant Kl contains various dimensional conversion fac-
tors in addition to the values of the diameter and the length of the
roughened test section, and the constant y = p\(ﬁAPTS)/v?/'Z includes
small corrections to the measured préssure drop (APTS) to account
for 1) differences in dynamic pressure at the two smooth surface mea~

suring stations, 2) the smooth pipe friction on the 1/2-inch~sections
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adjacent to the measuring stations and 3) the small sudden-contraction
and sudden-expansion pressure losses associated with the fact that
the rough tube diameter and the diameter of the smooth measuring
regions are not identical.

In order to obtain values of C Re, and Pr based on local

H’
conditions, it is necessary to establish the stationwise value of the
heat flux (qo) in terms of the integrated heat flux given by the mea-

surement of test~-section power at the probes (W The value of

P)'
the local mixed~fluid temperature (TL) then depends on the total heat
released up to the particular measuring station. In theory, the de-
terminations of local qo and local TL result in inseparable, integral
equations. The value of &10 depends on the local resistivity of the tube
wall which, in turn, depends on the effective local wall temperature.
This effective wall temperature, taken as the temperature in the

center of the wall, is determined by 1) the local T 2) the heat

L’
transfer film conductance (h) of the fluid, and 3) the thermal conduc-~-.
tivity of the wall. Further the thermal conductivity must be evalua-
ted at the local wall temf)erature. In treating this problem, the
complete equations containing the various interactions were first

put into dimensionless form. Then by evaluating the maximum ex-
cursions of the various dimensionless coefficients in terms of the
parameters of these experiments and by expanding the various func~
tional forms in Taylor‘s series, it was possible to produce linearized,
separated expressions for qo {x} and TL{X} . Only first order cor-
rections were retained to account for the various interactions. Since

the correction terms are small and since the truncations of the ser-~

ies expansions restrict their use to conditions near to those observed
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in the present experiments, the resulting expressions are of limited
interest. Because of this, the complete derivation of the results
wibll not be presented; only the resu;lts themselves will be shown.

The resulting expressions have the form

Wrs

[ Qx NX) ‘
=M |1+ B (-X)+ T (-—-} (72)
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where subscript x refers to a particular local thermocouple station
and WTS is the power released in the test section, L is the .

length of the heated test section, Tll is the temperature of the mixed
outlet water, T0 is the temperature of the mixed inlet water and TLX
is the mixed~mean water temperature at the thermocouple station.
An equation similar to equation 72 relates the power measured at the

probes (WP) to W In these expressions, Mx’ Nx’ Qx’ Mxx and-

TS*
SX represent various definite integrals depending only on the variation
of wall thickness with longitudinal station and on the particular ther-

mocouple station. For the limiting case of uniform wall thickness:
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For the simple case of the present tubes where tube wall thickness
has a weak linear dependence on longitudinal station, thickness is

expressed

t{x/L} =t {0}[l+a(x/L):| (75)

where @ is constant. Using equation 75, the various definite inte-
grals are evaluat.ed to give algebraic expressions in terms of ther-
mocouple station (Sc/L). The factors BX and I‘X involve the proper~
ties of the tube and the conditions of the test. The term

_ {dp_/dT)

<= 51T T (TuTo (76)

e wx

B

is determined with adequate accuracy ’from a knowledge of the resis-
tivity of the wall material (pe)', a rough estimate of the wall temper-
ature (wa) in terms of the inlet water temperature, and the mea-~
surement of the temperature rise of the water passing through the

test section (Tll-TO). Th¢ term
I =B (D/4L) (l/CH) | (77)

contains the first order correction for the effect of the error caused
by estimating the local effective wall temperature to be equal to the
local mixed fluid temperature. Hence I"X must depend on é.n approxi-
mation for the heat transfer coefficient noted By EH A crude pre-

liminary estimate of C . in terms of the conditions of the test and

H
the tube being used suffices for the determination of I‘X.
The limiting cases are simple in form and may be of some

general interest. For the case of uniform wall thickness, the list

of item 74 may be substituted into equations 72 and 73. The remaining
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correction terms, Bx apd I‘X, show the effects of the longitudinal
variation in qo caused by the rise in fluid temperature, hence by the
rise in wall temperature and in resistivity. A second limiting case
comes from assuming that wall resistivity is independent of tem-
perature, i.e. dpe/dT = 0. This gives BX and I‘X both equal to zero.

Thus for a uniformly tapered wall equations 72 and 73 reduce to

Wrs 1 - /2

——— = M = (78)
and

T, -T
17 Lx _ =1 /L) 1-(e/2)(x/L)]
T11~T0 Mxx L Il =-a/2] (79)

where @ is defined by equation 75.

The correction terms in equations 72 and 73 are small, less
than 8 percent, for fhe conditions of the present expériments where
(dpe/dT)/pe is of the order of 0.003 (OF-l) and @ is of the order of
0.08. Obviously in cases where variations in the wall thickness or
the thermal coefficient of resistivity is greater than the respective
values encountered in these experiments, the corrections will be
greater and, in addition, retention of more correction terms may
be necessitated.

Using then the simplified relations for élox and TLx in equa-
tions 72 and 73 respectively, the local values of CH, Re and Pr
were generated from the experimental data as part of the computer
operation. Values of Pr,p and cp were determined from the known
thermal dependencies of these fluid properties. The formula used

to compute the local Stanton number was
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(n/4)D% 4 .
CHX = | (80)
; AT
W Cp fx

The wall~to-mixed-fluid temperature difference (ATf) was derived
from the measured and corrected e.m.f. difference between the wall
thermocouple and the outlet-water thermocouple (AXEH). By the
methods described in Appendix IV-A, this e.m.f. was converted to
the corresponding temperature difference Alel' By the preliminary
data reduction, A;chl already contained corrections for 1) heat ex~
change between the. fluid and the exit electrodes and between the fluid
and the mixing flange, 2) heat added to the fluid by frictional heating
and 3) spurious heat losses ffom the fluid. Thus there remained

for the machine operation only to add the temperature rise due to
electrically generated heat added to the fluid between the wall ther-
mocouple location and the exit and to subtract the temperature drop

in the wall of the tube in order to obtain ATf, that is,

AT, = A T, +

g T AT+ (Ty~Ty ) - AT (81)

The fluid temperature rise term (Tll-TLX) in equation 81 was deter~
mined from equation 73 once the total fluid temperature rise (Tll-TO)
was established f;‘om the AOEllT measurement. The expression used
to compute wall temperature drop for use in equation 81 is developed

in Appendix IV~B and is written

AT = AT [1-% L (t/R) + & - ) at, 1 (82)
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where

AT =4 t/2 k{T__} | (83)

dk/dT (84)

and

SO | (85)

The outside wall temperatures used to evaluate k{TOW} and pe{TOW}
in equations 83, 84 and 85 were obtained directly from the wall thermo=~
couple e.m.f.'s. For consistency, equation 82 in its entirety was
applied to all tubes even though it is recognizéd that, for the case of
the roughest tube, the small correction terms are probably over-
whelmed by uncertainties in the effective wall drop caused by distur-
bances in the electrical current flux and uneven cooling at the liquid
wall.

As part of the computer program, equations 8l and 80 were
used to derive Afo and CHX respectively at each of the nine wall
thermocouple locations. The first step in the final data reduction
was to plot the individual CHX values as a function of thermocouple
location. These plots display the degree to which the heat transfer
coefficients are independent of circumferential location and the degree
to which fully established conditions were obtained,

The computed average of the three C < values atthe farthest down~

H
stream thermocouple station, CH? , was used asthe pertinent Stanton num-~
ber from each test. Since it was notalways possibleto precisely match.
the mixed fluid temperature at the finalthermocouple stationto the nominal

temperature an adjustment was appliedto CH? in ordertocorrectfor the

deviation of the local Reynolds number and Prandtl number from the
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nominal conditions. Application of this correction was done as part
of the final data reduction. The correction was computed by means
of the following approximation technique. It was first assumed that

the expression

Cy =K Re™ Pr™ (86)

is valid over a small range of Pr and Re with K, m, and n as con-~
stants. Then, since nominal flow rate was adequately achieved in
the tests, the variation of Re from the nominal value is given solely

by the variation of viscosity,

dRe/dT _  du/dT

Ren BN

Applying this to the differential variation of equation 86 gives

dCH/dT i m {ReN,PxN} aPr (1 4
CHN PrN dT N
(87)
'n{ReN, PrN} a (1.3
T dT N

where the subscript N refers to the nominal local bulk temperature
and hence to the nominal local Re and Pr. Assuming that (dPr/dT)/Pr
and (dp/dT)/p are also constant for a small range of the variables, the
average heat transfer coefficient at the nominal bulk temperature

('CH) can then be written

m{Re. ., Pr__}
— = N N dPr
Cun = Cue [1 t P aT (TN
n{Re ., Pr..}
- __.____.___._1:N N c‘%% {Ty}) (Ty~Tg) ] (88)
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where the subscript E here denotes the measured value and the sub-
script N refers to the nominal value. The values of (dPr /dT)/Pr
and (du/dT)/j are established for each of the nominal test tempera-~
tures from semi-~log plots of the respective fluid properties versus
temperature. The exponents m and n are adequately determined from
slopes taken on log-log plots of the uncorrected CH results.

The last operation of the final data reduction phase was to
plot the downstream-station CH valués, adjusted to the nominal test
temperature, against the wall-to-mixed~fluid temperature difference
(ATf). In general there were three points to each plot corresponding
to results from three tests at fixed Re and Pr values but at differing
heat flux rates. On each plot a straight line, estimated to best
relate the three points, was drawn with the restriction thaﬁ the slope

of the line be non-negative; that is, if C.. appeared to decrease with

H
increasing ATf, the best zero-slope line was drawn. The intercept

of the selected straight line with the ordinate (ATf = 0) was then taken
to represent the CH value that would be obtained by using a fluid with
constant properties and by inaintaining thermally and hydrodynami-~
cally fully established flow conditions. Such an idealized CH value
was determined for each tube at each of the nominal Pr and Re com=-
binations. This set of CH values, taken together with the correspond~

ing CF values from the non-heating calibration tests, then constitutes

the principal result of the experiments.
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E. Confidence Limits Evaluation

The purpose of this seétion is to delineate and discuss the
major sources of error or uncertainty in the CF and CI—I determina-~
tions of these experiments. The definition of the uncertainty limits
will be of importance in comparing the present results with those
of other experiment‘s and‘w‘ith various theoretical models.

The evaluation of error limits must be based to some extent
on the experimenter’'s judgment; hence such an evaluation is neces-
sarily somewhat subjecﬁve. Nevertheless, an attempt has been made
to set limits which are compatible with the observed degree of agreement
among redundant measﬁrements and the degree of reproducibility
among repeated measurements. The error limits discussed in this
section are taken to represent a high confidence coefficient, say 95
percent, for the reported values of the respective measurements.

By way of definition, this means that the interval, formed by attach-
ing the given error limits to the value of a parameter determined by
the methods of fhese experiments, is expected to contain the true
value of the parameter 95 percent of the time. The 95 percent value
is stated here only fozf the sake of argument. It has the qualitative
meaning that the estimated error limits are set wide enough to contain
essentially all of the values obtained from a particular operation re-
peated many times. Another qualitative way of stating this is that

the prescribed limits are expected to be two to three times as wide

as that confidence interval which would be expé_ct'ed. to contain the

true value 50 percent of the time.

1. Friction Coefficients

The equation used for determination of the friction coefficients
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can be expressed

p° [Pay AFT1s

where Kl is a dimensionless constant, LR is the length of the rough
tube between the pressure taps, and the group y= pav(éSAP,I.S)/v'v'2 is
a constant correction to the pressure drop accounting for the effects

discussed in connection with equation 71 in Section III-D-3. The coef~

ficient K is the venturi discharge coefficient herein defined so that

Kp, AP_ = w2 : | (90)

In the non~heating tests used for the CF determinations, the average
fluid density in the test section (pav) is the same as the density of
the fluid passing the venturi (po). Hence the density cancels out of

equation 89, and the uncertainties in the C_. determination can be as-

P
certained from the uncertainties in the remaining measurements,

D, L A‘PTS, K, and APV and in the computed correction, y. The

R’
errors will be separated into two groups defined as follows: The
systematic errors are those that are fixed for the set of tests on a
given tube, and the random errors are those involyed in parameters
that must be re-evaluated in each test. The effects of the random
errors are reduced by smoothing the final results in the CF{Re} plot;
whereas the systematic errors are not so reduced.

‘The differential gages used for the measurements of APV
and APTS were all calibrated several times during the test program
with no time-~dependent changes in the calibrations being observed.

Further, in cases where deviations from the standard manometers

existed, corresponding corrections were applied in the data reduction.
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Systematic errors in the differential pressure measurements due to
density variations in the gage lines were eliminated by the design of
the equipment, Cf. Sec. III-G. The success of this design was indi-
~ cated by the absence of gage zero~shift following low flow rate tests
wherein these effects would have been most noticeable had they
existed. Thus the primary errors remaining in the pressurewdrop
measurement are assumed to be limited to normally distributed
reading errors which are taken as + 0.4 percent of the gage full~
scale level in all tests except for certain of the tests at the highest
flow rate (1.75 1b per sec). For the high-flow~rate tests, the direct
reading gages were used and a slight vibration existing in the system
limited the reading accuracy to approximately + 0.8 percent of full
scale,

The largest value of the pressure~drop correction constant
(v) applied to any of the tubes amounted to 7 percent of CF’ Assum-~
ing that this roughly estimated corfection could be in error by + 10
percent, a possible systematic error of 0.7 percent could have been
introduced to the CF determination from this cause. This error
source is negligible for the smooth tube. Since no prediction can be
made concerning the statistical distribution of the error in the y
determination, this error will be combined with the other systematic
errors by adding it directly rather than by using the root mean square
combination used for errors assumed to be normally distributed.

The error in the mean curve used for the venturi discharge
coefficient (K) is taken as + 1.5 percent, this being judged from the
plot of the venturi calibration data, Cf. Fig. 1l. This error in K,

which depends on combinations of random instrument reading errors
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incurred during the venturi calibration tests, is assumed to be nor-
- mally distributed. Since the same mean venturi calibration curve is
selected for use in all tests, the error in K must be treated as a sys~
tematic error,

Another source of’systematic error in the CF determination
is the measurement of the so-called volumetric diameter. As dis-~
cussed in Section III-B, this diameter was determined by three in-
dependent means all of which gave agreement within their respective
error limits. Of these methods, the measurement of the outside
diameter of the sanded mandrel with corrections for the mean sand
grain protrusion was selected as having the smallest uncertainty
and was used to establish the volumetric tube diameters. The ad-
justment for the mandrel sand grain volume, taken to be 1/2 of the
mean grain diameter, was subtracted from the mandrel diameter
giving the estimate of volumetric internal diameter shown in Table 1.
.The principal uncertainty in rough tube volumetric diameter is taken
as 1 1/3 of the grain volume correction or the maximum variation in
mandrel measurementé, whichever is larger. By this scheme the
largest diameter uncertainty (Tube A-4) is + 1.3 percent. The error
in the smooth tube internal diameter is taken as + 0.00l inch or + 0.3
percent. Variations in tube diameter due to thermal expansion and
pressure strain were computed to be negligible for the conditions of |
the experiments. The error in diameter determination is assumed
to be normally distributed so that, if an error interval for D5 of V5
times the error interval for D is used, the same confidence coefficient

is maintained.
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The percentage error in the length measurement is negligible
in comparison with other errors in the CF determination.

The combined systematic error In CF becomes
1
B6Cy gy, = £ ([5HED)" + (6K)’] *+ 0.07[ %8Y] ) (91)

where the operator (%5) indicates that the variation of the operand is
expressed as a percentage of its mean value. The largest systematic

error is thus computed for the roughest tube (A~4) as follows:
4 = 2 2,2
%6CFSYS (A-4) = + ([ 5(1.3)"+(1.0)°] “ + 0.07[10.0] =+ 4.0

The combined random error is written

L
P

%sC =+ [ (%6 APTS)Z + (%GAPV)Z] (92)

Fran.

The percenfage error in the pressure drop measurements depends on
the proportion of full scale registered by the gages and upon which gages
were used. The poorest combination of readings used in these tests
corresponds to %& Ppg =t 4.1 and %é PV =+2.5. This yields for

the maximum random error encountered,

%6 CFran. = :l_’_4:.8

Except for three cases out of the 72 combinations of tube, flow rate,
and bulk temperature inthe complete set of isothermal CF tests,
reading errors in APTS and APV were both less than + 2.5 percent

for which

l%ﬁC <3.,5

F ran. I

As can be seen in the CF {Re} curves presented in Figure 12, the



-70-

experimental points do fall within a band of approximately + 3.5 percent
about the mean curves, thus corroborating the above analysis. Fur-
ther, since CF is a weak function of Re, the shape of the smoothing
curve is readily disc.erned, and it is assumed that the smooth curve
drawn in Figure 12 represents an averaging process. Thus considering
the random error associated with each of the data points and consider-
ing the number of points in a given region contributing to the local
definition of the mean curve, it is estimated that the random error
associated with the smoothed curves is only approximately + 1.0 per-
cent.

This random verror‘ for the curves is combined with the sys-
tematic error determined for eéch tube to yield the total estimated
percentage error in the final CF{Ré} functions. The estimated un~

certainties in CF are thus computed for each tube as;

Tube E~3 (smooth) + 2.5%

D-3 + 3.4%
C-9 + 3. 6%
A-4 1;4.2.%

2. Heat~-Transfer Coefficients

In these experiments, CH is determined from

2 .
(r/4) D" §
= oX (93)
we_ [A T +M AT -AT__]
p-x 1l TxxT Tc WX

+M__AT -AT__] is the wall-to~-mixed-~fluid temperature
11" 7xx" T c WX _

difference (A’I‘f) with AxT'll as the measured temperature difference

CHX

where [A_T
x

between the outside tube wall and the exit fluid, MXXATC as the ap-
proximate temperature rise in the fluid between the wall-thermocouple

station and the exit (Cf. equation 73), and ATWX as the local temperature
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drop through the wall. The term ATC is identically (Tll-T The

O)'
tube wall thermocouples are placed sufficiently far from the electrode
blocks that the effects of end-conduction of heat along the tube wall
introduces negligible error into the determination of CH by equation
93. This conclusion is discussed in Appendix V. For purposes of
determining the principal CH error in equation 93, errors in MxxATc
| are negligible with respect to errors in AXTH; ATWX is adequately
approximated by qox tX/Zk, and the error contributions from mea-
surements of the fluid density and the tube length are negligible.

Note, the use of subscript x will be dropped for the remainder of

this section when the meaning is clear without it. Making the above

mentioned allowances, equation 90 can be written
W= p /2 rAR Y2 (94)
v .
and equation 72 can be written
KZ
4, =1 [ Wp/D] (95)

where KZ is a dimensionless constant. Then using equation 95 in the
preceding approximation for ATW,

K

A L 2 ‘
AT =5+ [WPt/Dk‘] (96)

Also from the definition of the thermoelectric power (e), one can write
ATy = AE,/e (97)

Using the simplifying assumptions discussed above, subétituting equa-~

tions 94, 95, 96 and 97 into equation 93, taking the recipiocal and
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rearranging, one obtains

1/2 ,
1 (KAP ) {AxEu K, ¢ ]

= =K, —— - o E ()
T, 37D s W, " ZL Dk

(98)

where K is another dimensional constant. A differentiation of the
logarithm of equation 98 reveals that percentage errors in the heat
transfer coefficients (%SCH) can be induced independently from any

of the following percentage errors:

1/2%8K ' (1+¢)%6e
1/2%8AP (L+¢)%6W
v s (99)
(1- ¢)% 6D ¢ % 5t
(I+g )% 8A K ¢ %6k
where
AT 2c.t wC,.1¢/D, Re,Pr}
£ = o w2 H (100)
AT, D2 K{1TS |

It is noted that the ratio of the temperature drop in the wall to tem-
perature drop in the fluid ({ ) serves to amplify the effect éf most

§f the error sources involved in the experimental method used., For
the most sensitive coﬁditions of the high roughness (high CH) and
high flow rate, { equals 0.45. In addition to the eight error sources
listed as expression 99, three sources of uncertainty in the results
will be treated separately in terms of their direct effect on the final
CH values reported for the isothermal, fully developed conditions.
These additional uncertainties stem from 1) an observed small dis~
crepancy between the electrically and calorimefrically measured

power, 2) an observed circumferential variation in heat transfer co~

efficient at the separate thermocouple points, possibly due to local
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variations in wall thickness and local variations in flow conditions,
and 3) an observed fall-off in heat transfer coefficient with longitud-
inal position indicating that the heat transfer conditions may not be
quite fully established.

The error terms %8K, %6PV; and %6D have been discussed
in connection with the CF error analysis. The term %BAPV is a
reading error varying frofn 0.8 to 2.5 percent, depending on the
gage being used for the w determination.

Considering the errors involved in the determination of ATf,
it is first noted that errors due to effects such as heat conduction
along the thermocouple wires, spurious heat losses from the fluid,
and frictional heat gains to the fluid are essentially canceled out by
the technique used for calibrating the wall thermocouples against the
outlet‘—water thermob'c‘ouple in the non-heating tests. In addition,
small corrections made for heat exchange at the electrodes during
the hot tests are expected to negate this heat exchange as a source
of error. An error implied in the ATf determination by the small
observed discrepancy between the electrically and calorimetrically
determined power measurements will be discussed separately. Os-
cilloscope measurements revealed alternating-current (AC) e.m.f's
of the order of 10 mv (rms) to be superposed on the direct-current
(DC) e.m.f.'s in the thermocouple network. A special test was per-~
formed in which a signal generator was used to reproduce the ob-
served AC voltage in the network while the thermocouple junctions
were held at fixed temperatures. No net changé in the galvanometer

deflection due to the AC signal occurred even when the impressed

AC voltage was changed from zero to three times the AC e.m. f.
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prevalent in the experiments. Thus it is assumed that no errors in
the thermocouple measurements were produced by the presence of
the AC voltages. This conclusion is supported by Allen's investiga=-
tion (Ref. 11, p. 208) of possible spurious AC effects on thermocouple
measurements made under similar circumstances.
Four sources of error in the AxEll determination are signifi-

cant. The thermocouple data reduction in Appendix IV-A gives

AE.=AKE -6 _E
pe

11 x 1T x 11

where AxEllT is the e.m.f. measured in the test and axEll is the
same value measured during the non-heating calibration tests. The
error in individual readings of the potentiometer-galvanometer is

1T

measurement. Since 6XE11 was determined for each thermocouple

taken as + 3 pv; this constitutes the principal error in the AXE

from an average of the results of many calibration tests, it is assumed
that the error, 6(6XEH), involved in the resulting GxEll {T} calibration
curve is reduced to +2pv. These errors become important percentage-
wise only é,t very low values of A_E;. Atlarge values of AE ),
fluctuations in the galvanometer indicator, presumably due to small

- power fluctuations, were observed. This introduced a possible addi~
tional reading error which is taken to be plus or minus 0.9 pei'cent
and is designated % 8G.F. Finally a small allowance was made for
errors in the potentiometer-standard-cell voltage. In general the
potentiometer showed no readable error when calibrated against a
standard unit; however, a slight shift was noted in one such calibration,
and, since no allowance was made for this in the data reduction, a

variation in the!differential ¢.m.f. determinations of plus or minus
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0.3 percent, designated %86P.C., is included as a possible error.
On the basis of the preceding discussion the error, %5(AXE11)’

can be decomposed into the following four error elements:

AE
x 11T _ 300 300
(T'—'XEH ) %8 (A Eyp) = LR E; CLEAT D) (101)
5§ E
11 200 200

()% 6(5_E ) = + = + (102)
A E; x W T LA EL T ZeAT I L)

%6G.F. =+ 0.9 : (103)

and
%6P.C. =+ 0.3 (104)

where the final forms of equations 101 and 102 permit direct evalua-~
tion from the reduced data and where (eATf) is expressed in pv.

The use of the thermoelectric power curve, e{T}, in the
thermocouple data reduction is described in Appendix IV-A. The
error involved in the process of selecting the value of ''e'' from this
curve for any given AXE11 measurement can be shown to be negligible.
The values used for the curve were taken from calibrations of the
outlet-water thermocouple against a mercury~-in-glass standard
thermometer at 50°F intervals. The change in thermocouple e.m.f.
divided by the change in temperature provides a value of ''e'' at the
midpoint of each interval. The error involved in measuring the ''e'!
values,taken together with the interpolation errors involved in the

use of the resulting curve,is estimated as being
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%de =+ 0.6 | (105)

It is noted that the existence of the maximum observed in the e{T}
cui‘ve shown in Figure A~IV~l is confirmed by other calibrations of
Chromel-Alumel thermocouples reported in Reference 26, p. 31.
The calibrations of Reference 26 cover a much larger temperature
range and show the observed maximum to be a part of a perturbation
which exists in an otherwise monotonically rising e{T} curve.

The power measured by the wa'.ttmeter, connected either to
the probes on the tube or to the electrode blocks, was used as the
primary indication of heat flux (c'lo). The total power delivered to
the test section was also measured by a voltmeter and ammeter as
discussed in Section III-D~2. In general, the electrical power mea-~
surements gave good agréement. For the tests on each tube, the
mean discrepancy between the wattmeter and the voltmeter-ax‘nm‘eter
measurements was less than 0.5 percent with a two~standard-
deviation spread on the discrepancy measurement of less than + 2.3
percent. This spread corresponds to the expected combined read~-
ing inaccuracies of the three meters. The mean discrepancy for
all tests taken togethér was only 0.12 percent. These observations
lead to the conclusion that essential agreement exists between the

~wattmeter and the voltmeter-aﬁlmeter measurements. As discussed
in Section III-D-2, the AC voltage-drop-to-current ratio gave satis-
factory agreement with the test~section resistance measured with
very low, DC current. In this check, the higheir power AC test
results were adjusted for the effect of longitudinal resistance %raria-
tions caused by the axial temperature gradient., In several cases,

it was possible to obtain good wattmeter reading accuracy at the
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probes as well as af the electrode blocks. Thé probes-to~test~section
power ratio agreed with the computed ratio which againlincluded the
effects of axial temperature variations. This check on the relation
between probes and test-section power measurements showed that
the computed longitudinal variation in heat generation was essentially
correct, and it further supported the validity of the wattmeter cali~
brations. The calorimetric power measurements, which were in-
herently less accurate than the electrical measurements, were on
the average several percent lower than the electrical power mea-
surements after all pertinent corrections were applied. This mean
difference between the two types of power measurement was within
the two -standard~deviation spread of the difference values, but the
bias was evident in the results from all tubes. A special test simu-
lating the conditions of one of the standard tests was performed
using a large DC welding generator substituted for the AC power
transformer as a heating source. In this test the power was mea~
sured by calibrated DC instruments with the result that the electrical
power was again several percent greater than the calorimetric power.
This result inferred that neither spurious effects in the AC electrical
power measurements nor spurious AC effects on the thermocouple
measurement of water temperature rise is the explanation for the
electrical~calorimetric power discrepancy. The effect on the CH
determination of this apparent systematic discrepancy will be dis-
cussed subsequently; it is only noted here that the disagreement. is
not to be taken as an indication of additional error in the determina-
tion of élo by the electrical power measurement. Considering then 1)

the normal wattmeter reading error, 2) the possible increase in
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reading error occurring when slight fluctuations in the power were
observed, 3) the small systematic differences among the various
electrical checks on the wattmeter, and 4) the direct calibrations
of the wattmeter, the error in the power measurement used in the

qo determinations is estimated to be
%SWP=i1.5 : (106)

An approximate form for the operational definition of the cir-
cumferential-mean wall thickness (Cf. Appendix II-C) is adequate

for use in the error analysis. This approximation is given as

Pe
7DAR_/ax)

"l

;t (107)

where Pe is the electrical resistivity of the wall material and

d‘Re/dx is the resistance of the tube per unit length. The complete
form of equation 107 is developed in Appendix II-C by substituting
pe/(d Re/dx) for the cross-~sectional area of the tube. For the smooth
tube this substitution has exact meaning by the definition of resistivity
(pe). The wall thickness of the E~3 (smooth) tube was determined by
measuring the cross-sectional area directly. The uncertainty in the

thickness so derived is taken as plus or minus 0.0004 inch or
(%6t)g =1+ 2.0 (108)

However, for the rough tubes, P Was determined separately, and
the errors in the terms Pe dRe/dx and D appearing in equation 107
must be considered separately and then be combiﬁed. Doing this,
the error in the computed mean thickness for the réugh tubes is es-

timated as
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(% 8t) =+ 4.0 (109)

The error in establishing the thermal conductivity of the tube wall
by the method discussed in Appendix II-B depends primarily on the error
in the measurement of electrical resistivity which is taken as + 3.0 per-
cent. This error, combined with assumed uncertainties in thé method
itself, yields an estimate for the error in the computed fhermal conduc-~

tivity of the tube,
%6k=i3,5 (110)

The three éources of CI—I uncertainty which are not evident
from 1_ﬁhe data reduction formula (equation 93) must be considered
before the complete CH uncertainty can be developed. First of all,
the existence of a systematic error in the calorimetric power mea~
surement, presumably caused by either unaccounted fof heat losses
in the system or by poor mixing of the exit fluid prior to the thermo-
couple measurement, implies a small error in the CH determination.
An analysis of this effect is provided in Appendix VI. If a heat loss,
not predicted by the calibration tests, occurs between the wall ther~ -
mocouple stations and the exit, or if the outlet-water thermocouple,
by reason of poor mixing, should read a temperature lower than

the fluid mean temperature, there results an error in CH’

(Wepg-Wergc)

H Wrs

X
%6CH = - 400 ) C (111)

where WTSC is the measured calorimetric power. Note also that
the operator (%8) is so defined that

CH(measured) - CH(correct)

%8Cyy = 100 Cpylcorrect)
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If, on the other hand, the calorimetric power error is due to extran-
eous heat losses between the entrance station and the station of the
wall thermocouple, or if the inlet thermocouple reads erroneously

too high, the CH error becomes

(L-x) o (Wepg-Worgc)

— (112)
D H Wois

%6Cyy = 400

The errors found in the calorimetric power measurements are con-~
siderable, as will be shown in the succeeding paragraph; however,
the effect of these errors on the CH determination, given by equations
111 and 112, is small.

Combining the results of all of the tests on each tube, the fol~
lowing mean percent-deviations of the calorimetric power from the
electrical power were obtained;.the spread shown represents the

two~standard~deviation limits:

Tube 100 (WTS-WTSC)/WTS
E-3 (smooth) +6.4+ 6.0
D-3 +2.2+ 3.7
- (113)
C-9 +3.8+ 5.0
A-4 +3.0+ 4.0

The statistical distributions of the discrepancies are based on approxi-
mately 50 points in each case. The distributions are fairly symmetric

except in the case of the smooth tube where a large peak occurs at
100 (WTS-WTSC)/WTS =+ 3.5

with a long tail-off running to values as high as + 15.0 percent. Be-~

cause the tests for all tubes were set up with heat flux computed to
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give a certain ATf ré.nge for each flow rate and since the h‘eat transfer
film conductan_ce (h) for the smooth tube is relatively low, the smooth
tube power settings were lower than those for the other tubes. Hence
the fluid bulk temperature rise, ATC, was copsiStently lower for the
smooth tube leading to a relatively poorer accuracy in the WTSC de-
termination. The high sensitivity of the calorimetric power measure-
ment to errors in the ATC measurement is indicated by the fact that a
systematic shift of 5 pv in AoEll could account for almost all of the
observed deviations of WTSC from WTS for all tubes including the
smooth tube. Since systematic shifts in the e.m.f. measurements
of as high as 5 pv are not expected, such shifts can account for part
but not all of the observed error in WTSC' However, the errors in
the AoEll e.m.f. measurement, discussed previously in this section,
could easily account for, the excess in the WTSC error for the smooth
tube over that for the rough tubes. Considering the aggregate of the
tests, it is concluded that there exists a residual deficiency of the
order of 3 percent in the calorimetric power determination which
cannot be explained by errors in the e.m.{. measurement. Further
this residual deficiency is about the same for all tubes, for all fluid
bulk temperatures, and for all flow rates.

There is some indication that the calorimetric power anomaly
is statistically slightly larger for the h.ighest temperature, lowest
flow rate condition. If this indication is correct, it would imply that
some of the effect may be due to heat losses. It should be noted here
that rough calculations of the expected heat loss by natural convection
from the exterior of the test section indicate negligible effects from

this cause. The calibration tests revealed spurious heat losses only
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at the highest fluid temperature, 2900F, and in this case, the losses
appeared to increase with flow rate. This dependence on flow rate
would not be expected to attend natural-convection losses since, to
a first érder, such losses can be» shown to depend on the tube surface
temperature only. The supposition that natural-convection heat
losses are negligible was supported also by one of the calibration
tésts at a water temperature of 290°F wherein a jet of air, with a
yvelocity many times that predicted for natural convection, Was played
on the test section. The air jet produced only a barely discernible
change in the heat loss. Moreover, in the heat transfer experiments,
all heat losses occurring in the non-heating calibration tests are
compensated. This leaves unaccounted for only those natural-convection
losses attributable to the small increase in tube surface temperature
due to electrical heating. These uncompensated losses should be
small indeed.

Another possible cause of heat loss is axial conduction along
the tube to the electrode blocks. An analyticél discussion of this
effect is presented in Appendix V. The largest heat loss to the elec~
trodes compared to the total heat generated occurs in the situation
of a smooth tube operating at high Pr and low Re, i.e., for the low-~
est heat transfer fluid film conductance (h). The end conduction for
this extreme case could account for 0.8 percent of the total heat
generated in the tube. For most other cases the computed end con-
duction would be much less than this amount. . . It is improbable
that this effect can wholly explain the observed calorimetric power
discrepancy.

The high pressure drop of the mixing chamber used in these

experiments is expected to result in adequately mixed fluid leaving
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the test section; however, it is conceivable that temperature non-
uniformities of a magnitude necessary to explain the power discrepancy
still persist in the fluici at the exit station. Errors of only 1to 2 per-
cent of ATf in the outlet-water temperature measurement would provide
the required explanation.

Since neither the cause nor the location of the calorimetric
power deficiency can be clearly ascertained and since the effects on
the computed CH values is either positive or negative depending on
where the heat loss occurs (Cf. Eqgs. 111 and 112), no compensating

adjustment in the C , formulation is attempted. Hence the implied

H

CH error, which will be designated % & H. L., must be included in

the error analysis. For this purpose, the possible error is com~
puted for the farthest downstream wall thermocouple station from
equatiéns 111 and 112. Taking the foregoing discussion into account,
the power discrepancy, (WTS—

percent for the smooth tube and 3 percent for the rough tubes. It

WTSC)/WTS’ is assumed to be 4

is noted that the statistical spread in the WTSC discrepancy displayed
in item 18 is not pertinent to the CH error calculation. This spread
is caused primarily by errors in the ATC measurement, but the con~

tributor to this spread which is pertinent to the C_, measurement is

H

already taken into account by the %6AXE11 errors of equations 101

and 102. The resulting C.. errors obtained for the smooth and the

H

rough tubes respectively are
+87 :
(%6 H.L.)S = [-640:] CH (114)

and
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-

(%6 H.L.)p = szsSo] Cy (115)

The maximum CH error computed from equation 115 is plus 0.3 or
minus 2.5 percent. This occurs for the roughest tube at low Pr and
low Ré. The % & H.L.. error is regarded as existing as one or the
other of the values shown depending on whether the effective heat loss
occurs upstream or downstream of the wall thermocouple station.
Hence this error probability is not continuously distributed.

Spatial variations in the liquid-side wall temperature are a
second source of CH error not evident from the data reduction for~
. mula. Such variations must necessarily exist for rough tube heat
transfer tests wherein the tube wall serves as the heating element.
One cause of liquid-side wall temperature variations is pictured by
assuming that the wall is very thin and that the current density and
hence the resistance heating and hence qo are distributed nearly
uniformly over the warped surface. Under these conditions the wall
temperature, which will depend directly on the local heat transfer
coefficient, would be expected tok differ between the peaks and troughs
of the roughness elements. Secondly, for finite but small wall thick-
ness as used in these experiments, the tortuous electrical current
paths must necessarily lead to local variations in current density
distribution and thus to local variations in heat generation. This
non~uniform heat generation, combined with effects of diffe-ring con~
duction paths between the heat source points and the liquid-side wall,
leads to perturbations in the liquid-side wall temperature which can-
not be expected to compensate those produced by the first cause
mentioned. These variations in liquid-side wall temperature dimin~

ish as the wall-thickness-~to~roughness-height ratio is increased or
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.as the thermal conductivity of the wall is increased. The same effects
that produce variations in the liquid-side wall temperature are expected
to produce similar variations in the outside wall temperature. The
latter variations are not exactly the same as the former, but they are
‘assumed to exhibit a similar statistical spread. A measure of this
spread was obtained from a comparison of the CHx values computed
from the data of each of the three thermocouples located at each of the
two downstream measuring stations. The thermocouple junctions
were randomly placed with respect to the roughness elements with
each thermocouple consisting of separately placed Alumel-nickel and
nickel-Chromel junctions. The observed variations among the CHx
values are taken to be representative of the deviation of the CHx value
determined by any single thermocouple from the ideal CI—I which would
be obtained with a uniform temperature surface. For all tubes it
was noted that the pattern of CHx versus circumferential and axial
thermocouple location remained nearly fixed for the three tests with
fixed Re and P? and varying qo, and also the CHX' pattern was observed
té evolve in a continuous manner as Re and Pr were varied. These
observations indicate that the CHx variations were due primarily to
systematic effects such as those previously discussed. In establish~
ing the effects caused éxclusively by roughness, a reduction in the
observed CHx perturbations was made to eliminate the secondary
contribution of the random e.m.f. reading errors. The estimated
uncertainties in the circumferentially averaged CH values due to local
roughness effects and other uncorrected local disturbances are desig-~

nated % 6 R.E. and are evaluated as follows:
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%6R.E.(E-3) =+ 1.4
%6R.E.(D-3) =+ 0.0 to 15.0

(116)
%5R.E.(C-9) = + 1.4

%6R.E. (A-4) = + 4.0

The large spread in CHx values which was observed at high
Reynolds numbers for tube D-3 is associated almost entirely with a
systematic variation in the gross roughness characteristics with
circumferential location; at low Re the spread is negligible. This
important source of CH error on this particular tube will be discussed
more thoroughly in Section IV~C,

The existence of local variations in C < for the smooth tube

H
(E-~3) implies the presence of local variations in wall thickness and/or
in heat transfer film conductance (h). Variations in wall thickness
have the primary effect of perturbing the local 610 from the mean
value and the secondary effect of perturbing the local ATW from the
mean. Local thickness variations, large enough to account for ob-
served CHX distribution for the smooth tube, could exist within the
resolution of the thickness measurements which were taken from
the enlarged cross-section pictures discussed in Appendix II-C.
The observed spread in CHX values depends to some extent on Rey-
nolds number. Since the magnitude of this Reynolds numl‘)'er depen-
dence cannot be completely explained by variations in local ATW
induced by thickness irregularities, it must be gssumed that some
Reynolds~number~dependent perturbations in ''h'' were also present
in the smooth tube.

Plots ,of CHx versus thermocouple position for tubes E-3

and D-3 revealed, in addition to the circumferential variations just
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discussed, a consistent decrease in the circumferentially averaged
CH values between the middle thermocouple station, at approximately
26 diameters from the start of heating, and the last thermocouple
station at approximately 40 diameters. As with the circumferential
variations, this —C-H fall-off, which tended to increase percentage-
wise with increasing Re, could not be completely explained in terms
of random local thickness variations. Further, the percentage fall-
off was shown to be nearly independent of heat flux level after the
-C—H values at the two thermocouple stations were adjusted to corres-
pond to the same mixed fluid temperature. Hartnett's data for the
thermal entrance region of smooth pipes operated at Prandtl number
equals 7 and Reynolds number equals 2.3 to 8.6 x 104 were presented
by Allen (Ref. 11, p. 84). These data indicate that the heat transfer
coefficient, adjusted to correspond to a fixed reference temperature
of the fluid, has not quite attained an asymptotic value at 26 diame~
ters from the onset of heating but that it has very nearly done so at
40 diameters. The longitudinal variation in C-H observed in the
present experiments is in qualitative agreement with the data for
the corresponding teést conditions presented in Allen's plots. This

agreement may be an indication that the CH7

final results of the present experiments, do represent very nearly

values, given as the

fully established conditions; however, at higher bulk temperatures,
i.e. lower Pr, the percentage change in tH between the two down-
stream stations increases, and the assumption that the 40 diameter
station represents completely established conditions has less cer-
tainty. For this reason, a third source of CH error, not evident

from the data reduction formula, is assigned to the E~3 and D-3
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results. This error is evaluated by the assumption that the fully

~established CI—I value is contained in the interval between the EH? ,

value and this value minus one-half of the difference (CH4- H7).
This possible error in €H7 due to insufficient entrance length will
be designated %6E.L., and it has the following values for limiting

cases of fluid temperature (TL) and mass flow rate (w):

Tube Ti W %5E. L.
(°F) (Ib/sec)

E-3 80 .35 e

E-3 80 1.75 e

E-3 290 .35 S

E-3 290 1.75 o0 -
D-3 80 .20 o

D-3 80 1.75 e

D-3 290 .20 e

D-3 290 1.75 2.9

There were some indications of a similar entrance length effect in
the two rougher tubes, but they were less pronounced and less con~
sistent than the effects observed with the smoother tubes. The small
longitudinal variations in C-H observed in some rough tube tests are
assumed to be accounted for in the %6R.E. error presented and
discussed previously.

In dvetermining the confidence limits for the final CH results,

most of the errors discussed herein are treated as being continuously
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distributed in a near~normal manner. Combining such errors to
yield the same confidence coefficient for the composite as existed
for the individual contributors is accomplished by taking the square
root of fhe sum of the squares of the individual percentage errors.
The exceptions to this rule are the potentiometer calibration error
(%5 P.C.), the error due to the calorimetric power discrepancy
(%5 H.L.) and the uncertainty in the degree of full establishment
of the heat transfer conditions (%6 E.L.). These error elements
are assumed to exist necessarily as either one or the other of the
error limits given, i.e., they have a double delta function type.

of probability distribution. The combination of these delta~function-
distributed errors with the other normally distributed errors is
accomplished here by simply adding the given values of the delta
function errors to the two~standard-deviation limits of the com~
bined, normally distributed errors. This procedure is slightly
conservative in that it yields final accumulated CH confidence
limits with a confidence coefficient slightly increased over the

95 percent confidence coefficient associated with the limits for

the individual error contributors. With reference to the crude
estimates used for the individual errors,. a more precise combi-
national procedure is unwarranted. .

The final CH values, which constitute the results of these
experiments, are the consequence of averaging the three CHx
values at the downstream thermocouple station in each test and
of extrapolating the results of three tests at differing heat flux
to isothermal conditions. Each of these two operations is an

averaging process, and they serve to reduce the random errors
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associated with the individual terms contributing to the respective
averages. Making use of the CH errors discussed in this section
and referring to the immediately preceding discussion, the com-

posite confidence limits on the reported CH‘values can be written

as

SAP_] + 1+ A 5T A E ?
%5Cy =[5 [15 % Ll ) (2 I hEA,Ey )]
1 2 2
30 0nEG.E] + [arp)Bewy] |

1 2 2
+5%6K] +[(1-¢) %5D]
x En 2 2
1/2
2 2 2
+[e%ot] + [¢%ok] + [BSR.E.] E

+(+2)%SP.C. + %56H. L.+ %6E, L. (118)

where the coefficient { is defined by equation 100. The multipliers
invelving ¢ are obtained from the listing given as equation 99. The
terms in the order of their occurrence on the right hand side of
equation 118 are evaluated respectively either in Section III-E-2

or in equations of this section as given by the following: Cf. Sec.
II1-E-2, 101, 103, 106, Cf. Sec. III-E-2, Cf. Sec. III-E-2, 102, 105,
108 and 109, 110, 116, 104, 114 and 115, 117. The 1/3 factor in front
of the double brackets in equation 118 accounts for the averaging of
the three tests at different heat flux while the 1/3 factor that appears
in front of three different single-brackets terms accounts for the

averaging of the results from the three circumiferential locations
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on the tube.

Table 2 presents the CH confidence limits computed from
equation 118 for the extremes of flow rate and bulk temperature used
in the tests on each tube. .The meaning of the %5 CH values pre-

sented in Table 2 is implied by the following statistical statement:

M8Cy %6Cy,
Cm ¢ - =190 e < Cum ¢~ —150) (119)

is true 95 percent* of the time. In this statement, the subscripts ''c'!
and ''m'' refer to the correct and the measured values respectively,
and the subscripts 1 and 2 refer respectively to the upper and the
lower values of %6CH given in Table 2. Also included in Table 2

is a separate evaluation of

5C = 2| [1 GAP]Z+1 1+ AxuT §5(AE :
(% H)read. "‘I——-? '2'70 v ?[( g)(”W)% ( < 11T)]

5 oy 1/2
+ (%G F.] + [(+L)%oW] ] (120)

which represents the composite of the reading errors adjusted for
the averaging. It is seen that the instrument reading errors, which '
are less than plus or minus 1.5 percent in all cases, make only a
minor contribution to the over-all CI—I uncertainty.

From the %6CH values given in Table 2, it is seen that in
general the over-all CH uncertainty is somewhat larger for the high
temperature tests than for the low temperature tests. The greatest
uncertainty in the smooth tube results, +5.8%, occurs for the test

~at 290°F (Pr = 1.20) and 1. 75 pounds per second flow rate. Excluding

*Refer to the introductory discussion for Section III-E,
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the values for the D-3 tube, the greatest uncertainty for the rough
tube CH values, -7.2%, occurs for the roughest tube (A-4) at 290°F
and 0.20 pounds per second flow rate. The large uncertainty occur-
ring at high flow rate in the tube D-3 results is attributed to circum-
ferential variations in the tube roughness. A detailed discussion

of the source of this imperfection in the D-3 tube construction and

its implications will appear in Section IV-C.
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F. Discussion of Methods

In this section a general appraisal of the techniques employed
in the present experiments will be given. Along with this, recommen-
dations will be made for improving the techniques for future experi-
ments of this type.

The tubes used in the experiments will be considered first.
These tubes repl;esent a very satisfactory solution to the difficult
problem of producing a prescribed roughness in a tube which has di-
mensions and material properties sufficiently well controlled to be
useful in heat transfer experiments. However, several improve=-
ments can be suggested for the manufacture of tubes by the electro-
forming process for future experiments. It should be possible to
electroform tubes with wall thickness as small as 0.005 inch which
will be leak-tight and still conform to almost any desired roughness
pattern. This could be accomplished by designing the copper elec-
trodes to be fitted to the mandrel and shaped in such a way that,
after the plating process is complete but before the mandrel is
dissolved, a frame can be attached between the electrodes so that
no bending loads will be sustained by the finished tube. The tube will
have been electroplated to the electrodes in this process, and thus
the need for brazing fittings to the tube after the tube has been pro-
‘duced will have been eliminated, The higher resistance of a very-
thin-walled tube will permit the use of considerably lower current
for the same heat flux and, hence, the size of the electrodes can
be reduced, thereby minimizing electrode conduction as cause of
spurious heat loss. Further, the corrections for wall temperature

drop will be reduced in proportion to the thickness, thus reducing



-94-

~another source of error in the ATf determination. For roughness
| element size of the same order as (or greater than) the wall thick~
ness, the specific placement of thermocouples in the peaks and
cavities can provide some meaningful indication of local variations
in the heat transfer film conductance (h).

The rough tubes in these experiments have a short (approxi-
mately 2 diameters long) smooth region following the unheated en~
trance length. This was formed in order to facilitate the static
pressure measurement. It was felt that the momentary change in
wall shear stress, experienced by the flow as it passed this region,
w‘ould not change the velocity profile appreciably and that the es-
tablished profile would be re-forrﬁed a few diameters downstream
from this region. This reasoning is supported by the results of
channel flow measurements performed by W. Jacobs (Cf. Ref. 18,

p; 482). The CHX_results on the C-9 tube showed clear evidence

of a non-axially symmetric disturbance at the first thermocouple
station, approximately five diameters downstream from the pressure
tap region. This disturbance was no longer evident at the succeeding
thermocouple stations. This effect is attributed to a known slight
difference between the diameters of the smooth pressure-tap section
and the rest of the tube and also to a possible slight nonconcentricity
at the juncture. A good match between a smooth and a rough region
is difficult to attain, and the velocity profile is apparently very
sensitive to small disturbances in tubes with small roughness ratio.
Hence it is suggested, for future experiments vﬁth low tube rough-~

ness ratio (say €/D less than 0.0l), that the smooth region be elimi-~

nated and that the pressure-tap holes be drilled directly into the
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rough wall. Auxiliary measurements were performed on the D-3
tube (€/D = 0.002) wherein the upstream static pressure measure-
rnentvwas taken from holes drilled into the rough region near the
downstream end of the entrance section. The CF values computed
from these measurements were in good agreement with the mea-
surements taken from the standard tap. Additional tests are neces-
sary to demonstrate the validity of this procedure at larger €/D
values. Certainly the procedure would not be satisfactory for
tubes with very large roughness ratio, but in such cases the smooth
section method used in these experiments appears to be acceptable.

Aside from the pressure-tap area disturbance, the wide
uncertainty limits allowed for the tube D-3 results were attributed
to spatial variations in the surface roughness. This indicates that
greater care in manufacturing the tube mandrels, particularly
when very small roughness elements are being used, Wwould result
in higher quality experimental results. Also there was evidence
in these experiments that somewhat longer thermal entrance lengths
may be required to provide fully established conditions. The use
of more wall thermocouples located at intermediate stations would
help to demonstrate the existence of fully established conditions.

It is felt that the machine methods developed for reducing
the thermocouple data and computing the final dimensionless
parameters were essential to the test program, not only in dimin-
ishing the formidable task of reducing the large amounts of data,
but in minimizing the chances for error associated with the repet-
itive operations. A considerable amount of preliminary data

analysis was performed by hand in the procedures used in these
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experiments; this could also be done by machine if the initial data-
taking procedures were modified.

The single-pass flow system used in these tests provides a
simple means of obtaiﬁing a steady inlet water temperature at a
steady flow rate. There is the problem of attaining steady thermal
conditions throughout the system and of making the required mea~
surements within the time interval established by the volume of the
reservoir tank and the fluid flow rate. If the electrode regions
and the mixing flange had not been brought up to operating temper-
ature by preheaters prior to tests at high fluid temperatures,

a large portion of the run time would have been required to estab-
lish equilibrium by means of heat losses from the test fluid. Aux~
iliary tests, performed at the highest fluid temperature (29OOF)
have demonstrated that less than 10 percent of the total fluid is
required to bring the system to thermal equilibrium if the pre-
heaters are used. The portion of the fluid required to reach equi~-
librium is nearly independent of the mass flow rate (W). This is
understood by noting that the heat transfer film conductance (h) is,
to a first order, proportional to w so that the integrated amount
of heat added to,andhence the temperature of, the surrounding
metal is approximately proportional to the integrated amount of
passing fluid.

In many of the high power tests, heat generated in the con-
necting cabies was conducted to the tube electrodes thus raising
their temperature above the operating point. Although a first
order correction was made for this effect on the basis of the cali-

bration tests, the electrode heat exchange does represent a
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.pos sible source of error. This situation could be improved if the
electrodes and part of the lead-in conductors were made with hollow
passages allowing a through«flow of water maintained at the correct
temperature. If the mixing flange were designed in a similar manner
the need for the electrical heating tapes and controls would be elimi-
nated.

As shown in Table 2 the effects of instrument reading errors
on the CH determination were kept relatively small through the use
of considerable redundancy and repetition in the measurements.

The principal contribution to the CH uncertainty comes from the
various systematic effects. The systematic errors introduced by
the calorimetric power discrepancy and by the apparent residual
entrance effects could possibly be reduced or eliminated by im-
proved techniques including those suggested in this section. It is
difficult to see how the errors due to the so-called roughness
effects could be appreciably reduced if electrical heating of the
tube is to be used. The error analysis has also indicated fhat the
conditions of the present experiments were sufficiently well con-
trolled to permit the use of the results as tests of theories and of
correlations among the primary parameters. Much of the pre-
viously existing experimental work on rough tube heat fransfer

is nét usable foi‘ this purpose principally because conditions of
the experiments such as entrance length, roughness characteris-
tics, fluid property variations in the heat-transfer region, and
surface fouling are either poorly controlled or incompletely de-

scribed.
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| IV DISCUSSION AND ANALYSIS OF EXPERIMENTAIL RESULTS

A. Presentation of Results

In this section the principal results'of the experiments together
with certain general observations will be presented. A more detailed
discussion will be deferred to the subsequent sections.

The friction factors (CF) as functions of Reynolds number
for each of the four experimental tubes are tabulated in Table 3 and
are displayed in Figure 12. In the figure, the data points are given
symbols to designate the nominal fluid temperature used for each
measurement. The CF results presented were derived exclusively
from the isothermal calibration tests; these isothermal results were
confirined by the CF measurements obtained from the heat transfer
tests af the lowest heat flux within the accuracies of the experiments.
In general, the effect of the radial fluid property variations on CF
was so small for the low values of heat flux employed in these ex~
periments that only qué.litative remarks can be made concerning
this effect. The smooth tube and the D-3 tube operating in the low
Reynolds number region showed a decrgase in CF with increasing
wall-to~mixed=~fluid temperature difference (A’I'f) similar to that ob-
served in other experiments with smooth tubes (Cf., e.g., Ref. 1I,
p. 56). The rough tubes, operating in the so-called fully rough Rey~

nolds number region wherein C_. is independent of Re, showed little

F

if any C_, dependence on AT This might have been expected; if

F £’
the isothermal CF is independent of Re, i.e. of the fluid properties,
then the radial variation of the fluid properties should have no effect.

The solid lines drawn in Figure 12 represent the best esti-

mate for a correlation of the CF data of the present experiments.
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" The value of the hydraulic equivalent sand-grain diameter (€ ;) shown
for each of the rough tubes was selected on the basis of Nikuradse's
(Ref. 10) experimental results in which he evaluated the similarity
parameter, A{€*}, appearing in the friction similarity law (Cf.

Eq. 26, Sec. II). For €*» 67, Nikuradse found that A becomes con-
stant at 8. 48. Thus for this so-called fully rough condition, corres~
ponding to the region shown to the right of the light diagonal line in
Figure 12, the friction similarity law for sand grain roughness can

be written

1

VCrr.R./2

is the friction factor in the fully rough region. Values

+ 2.5 zn(ZeS/D) + 3.75 = 8.48 ' (121)

where CFF. R.
of CFF R chosen for each tube on the basis of the plots in Figure
12 were then used in equation 121 to yield the equivalent sand-grain

roughness ratio (ES/D). Then the complete

Alex} = A{(e_/D) Re \/cF/z‘}

function for Nikuradse's sand-grain roughnéss together with the GS/D
values determined for each of the present experimental tubes was
used in equation 26 to generate the dashed CF{Re} curves shown in
Figure 12. These dashed curves thus display the CF{Re} functions
that should be obtained with true sand-grain roughened tubes having
the same CFF.R. as the respective tubes investigated in the present
work. Also in Figure 12, the smooth tube (E-3) friction results are
compared directly to the Prandtl relation (Ref. .18, p. 413) which in

turn is confirmed by Nikuradse's smooth pipe experiments.
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" As a general observation, the CF curves for the rough tubes,
compared in Figure 12, are seen to have a Reynolds number dependence
similar to those of Nikuradse's sand surfaced pipes. The presence of
a minimum between the Reynolds number regions of smooth-~type behav-
ior and fully rough behavior is seen in the D-3 tube results and is sug-
gested by the shape of the low Re characteristics of the C-9 tube. This
CF {Re} characteristic is taken as evidence that a definite scale of
roughness exists in these tubes. As a contrast to this CF {Re} charac-
teristic, Colebrook (Ref. 27) discusses the case of a more random
type of roughness such as that observed in naturally rough pipes. With
random roughness, the CF {Re} function monotonically decreases
with increasing Re until the fully rough condition is asymptotically
approached. The small differences in the shape of the CF {Re} curves
for the tubes used in these experiments from the shape of the CF {Re}
curves for tubes with true sand~grain roughness show that the geometry
of the latter is closely approached but probably not quite attained in
the present tube construction. A comparison of the directly measured
roughness ratios (€/D) for each of the tubes with the corresponding
computed ES/D values will appear in the discussions of the individual
tube results in the succeeding sections.

’I‘he heat transfer results are presented next. Tables 4 through

7 present the experimental Stanton numbers as a function of Reynolds
number and Prandtl number for each of the tubes. These CH values
represent the averages of the measurements at the three thermocouples
located at the downstream station (approximately 38 diameters from
the start of heating); these averages have been normalized to the
conditions of the nominal local mixed fluid temperature and combined

with other measurements at differing heat flux values to obtain the
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equivalent isothermal Stanton numbers (Cf. Sec. III-D-3). rI“hese
results are shown plotted as CH{Re;Pr} for each tube in Figures
13 through 16 respectively. For reference, the respective mean
curve for (CF/Z){Re} taken from Figure 12 is reproduced on each
of the CH plots. The smooth tube (CF/Z){Re} is also included on
each plot for reference. The heavy lines in Figures 13 through 16
were drawn to best interpolate the data points shown.

Cross comparisons of the results from the various tubes
are presented in the (ZCH/CF){Re;ES/D} curves shown in Figures
17 through 20 respectively for each of the four nominal Prandtl
numbers investigated. The points plotted in these figures are based

on the C ; data listed in Tables 4 through 7, and the CF values for

H
the corresponding Reynolds numbers are taken from the mean CF{Re}

curves (Fig. 12). These interpolated C_, values together with the

F
computed ZCH/CF values are also tabulated in Tables 4 through 7.
The final item in the final data presentation is Figure 21
showing the Prandtl number dependence of ZGH/CF for each tube at
a Reynolds number of 1.5 x 105. At this Re value, tubes C-9 and
A~4 are in the fully rough regime while tube D-3 is still in the
transition region between smooth-type and fully-rough-type behavior.
The points shown in Figure 21 are taken from the smoothed curves
in Figures 17 through 20; the extrapolations shown in Figure 20 were
used for the points at Pr equals 5.94. The solid lines drawn in
Figure 21 represent an estimated interpolation.of the data points

while, for the case of the smooth tube, the dashed line corresponds

to a theory derived by Rannie* (Ref. 14).

*Rannie's Theory is used without the correction term, Cif. footnote
p. 28, Sec. II.
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B. Discussion of Results for Tube E-3 (Smooth)

The smooth tube experiments were conducted in part to provide
a check on the experimental techniques for a case where direct com-
parisons can be made against experimental information existing in
the literature and in part to provide a direct comparative basis for
the rough tlibe results. The provision of a smooth~tube basis for
the present work is necessary since, as will be shown, some dis~
agreement persists in the published results of experiments in which
the idealized conditions being investigated were approached. To
serve the purposes just described, the comparisons of the tube E~3
results with other smooth tube experimental results will be included
in this section. This procedure will not be followed in the com-~
parisons for the rough tube results. In that case the comparisons
will be treated separately in Section VI rather than in the discus-
sions of the individual tube results (Sections IV-C, D and E).

The smooth tube friction measurements are seen in Figure
12 to be well correlated by the Prandtl theory (Ref. 18, p. 413) ex~
cept at the highest Reynolds number tested. This theory is the
friction similarity law for smooth pipes (Cf. Eq. 27 in Sec. II) with
the constants being evaluated from Nikuradse's smooth pipe results.
Since all of Nikuradse's data points also fall very close to the
Cp {Re} curve derived from the Prandtl theory, it may be stated
that the tube E-3 measurements are in essential agreement with
Nikuradse's experimental results at all but the highest Reynolds
number tested herein.

The small deviation of the CF{Re} curve for tube E~3 from

the Nikuradse curve at high Re was to be expected on the basis of
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the finite roughness exhibited by the finished tube. It is noted here
that the single experimental point representing this condition is sub-
stantiated by the measurements in the hot tests at low heat flux,

and hence the point is not merely due to experimental scatter. This
CF deviation at high Re corresponds to the effect expected for an
approximate equivalent-sand-grain roughness ratio (€ S/D) of 3x10-4.
The maximum peak-to-valley variations measured by use of the
Brush Surface Analyzer (Cf. Fig. 4) correspond to €/D values of

5x 10”4

for the longitudinal profile and 10 x 10"'4 for the circumfer-~
ential profile, these being of the same order or magnitude as the
computed eS/D. This observed roughnéss was anticipatéd for this
tube since the soft aluminum mandrel used in the construction
showed scratches of this scale both from longitudinal die marks
and from random scratches due to the cleaning process. Never-
theless, for the range of Reynolds number employed in these experi-
ments, the designation ''smooth tube'' appears to remain appropriate.
The complete set of heat transfer results for the E-3 tube
is presented in Figure 13 and is tabulated in Table 4. It is inter~
esting to note that, at Pr of 1.20, the C;;{Re} curve follows the
deviation of the CF {Re} curve at the high Re point. This behavior
ought to be expected if the underlying effect is finite surface rough-
ness as has been hypothesized.
In Figure 22 an example is presented of the tube E-3 plots
of the local CHX values computed for each thermocouple station as
a function of tube length from the start of heatiﬁg. The conditions
4

for the particular test represented in this figure are Re = 4. 22x10",

Pr = 5.88 and AT = 22. 6°F. A measure of the thermal entrance
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effects in the E-3 tube is afforded by a comparison.of the slope of
the line joining the circumferential mean of the CHX values at each
station with the slope of the reference line. The slope of this ref~
erence line shows the CH{X/D} variation expected for hydrodynam-~
ically and thermally fully established conditions. This slope is
determined by the dependence of CH on the local Re and Pr values
which in turn depend on the longitudinal rise in mixed fluid tem-
- perature due to heating. The CH{Re;Pr} dependence used for com-
puting the reference line slope is taken from the results in Figure
13. The reference line is drawn to pass through the mean CH value
at the 40 diameter point. Using the same scheme as that employed
in Figure. 22, Allen (Ref, 11, p. 84) presented Hartnett's (Ref. 28)
heat transfer measurements. These measurements were obtained
with conditions similar to those of the test used for Figure 22
but a longer tube was employed. The refe.rence line drawn by
Allen was matched to the CI—I results in the region of 60 to 70 di~
ameters after the start of heating. The smoothed curve for Hart-
nett's data gives local CH values approximately 6.0 percent above
the reference line at 5.8 diameters after the start of heating, 2.5
percent at 27 diameters and 1.0 percent at 40 diameters. The
CH{X/D} variations shown in Figure 22 are typical of the results
obtained in the present experiments, and they are seen to be in
close agreement with Hartnett's measurements taken with longer
tubes. This agreement implies that very nearly fully established
conditions prevail at the last thermocouple stafion (x /D = 40) for
the E-3 tube. A small allowance for the possibility that the thermal

entrance effects are not entirely negligible at this station is made
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" in the error analysis, Cf. Sec. III-E-2. Since it was not the intention
in the present work to stlidy entrance effects and since the number of
measuring stations are inadequate to shed much light on this subject,
only the data taken at the final thermocouple station are presented.
The foregoing discussion is included only to indicate how closely the
desired, fully established conditions are represented by the E-3 tube
results.

An example of the extrapolations used to obtain isothermal
CH values for tube E-3 is presented in Figure 23 wherein CH is plotted
against the wall~-to~mixed~fluid temperature difference (ATf) for a
Prandtl number of 5.94 (SOOF) and Reynolds nimbers of 2.44, 4.18,
6.94 and 12.18 x 104 respectively, Allen (Ref. 11, p. 57) observed
that, for water flowing at 60°F bulk temperature in a smooth tube,
the percentage-wise dependence of CH on ATf is a rather strongly
increasing function of Reynolds number. This observation is in dis-
agreement with older relationships employing either the (p {TL} /
p.{'I‘W} )0' 14 factor or an evaluation of the fluid properties at the
Dfilm temperature''[ (T, + TW)/Z] to account for the effects of radial,
fluid-property variations. (Cf., e.g., Ref. 29, p. 219). The slopes
passed through the exp‘erimentalvpoints in Figure 23 are taken from
Allen's results, and they are seen to correlate the present data within
the accuracy of these data. The inadéquacy of the (@ {TL}/p. {TW})O' 14
factor.for correlating the results is evident from the corresponding
slope shown in Figure 23. Also the slope, based on evaluation of
properties at the ''film tempeJra’(:urefI is seen t§ be an even poorer
approximation to the observed slope. In the present experiments, the
slope dCH/d(ATf) was observed to decrease with increasing bulk fluid

temperatures, becoming nearly zero at 290°F. Since the intention



-106-
of these experiments is to establish the isothermal condition, the
tests were conducted at relatively low ATf values. For this reason
and because of the fact that, at most, three points are available for
any one Re~Pr combination, the usefulness of the present results
as an independent source of experimental information on the influ-
ence radial, fluid-property variations on CH is restricted. Conse-
quently the results presented on this subject are limited to the
qualitative remarks of this paragraph.

In Figure 24 and 25 comparisons are made among the CH
results for tube E-3 and the results of other experiments wherein
attempts have been made to obtain fully established, isothermal
conditions for heat transfer measurements with water flowing in
smooth tubes. Figure 24 is carried over from a figure appearing
in Allen's thesis (Ref. 11, p. 64) with the addition of the present
results which have been extrapolated to Pr = 8.0 to provide a direct
comparison with Allen's extensive investigations at this Prandtl
number. In this plot the heat transfer coefficient is referred di-

rectly to the Dittus-Boelter (Cf., e.g., Ref. 29, P. 219) expression,

C = 0.023 Re™ 0% pp-0-6

Hp.p
The current results are seen to agree with Allen’'s curve both in
magnitude and in Re dependence within the confidence limits pre-
scribed for high Prandtl number conditions in Table 2; to be rig~ |
orous, these confidencé limits should be broadened somewhat to
account for the uncertainty in the above mentioned Prandtl number
extrapolation. The current results also agree in magnitude with

the results of earlier experiments by Eagle and Ferguson (Ref. 30);
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however, a somewhat different Re dependence is apparent. It is noted
that the Eagle and Ferguson results shown in Figure 24 have been ad-
justed to be consistent with the Prandtl number-temperature dependence
which is used for the current experiments and which is essentially
the same as that used by Allen. This adjustment will be discussed
again in the succeeding paragraph. The difference of 5 to 10 percent,
seen in Figure 24, between the present smooth tube results and those
of Hartnett (Ref. 28) and of Hastrup (Ref. 3l) is not explained in terms
of assumed uncertainties in the E-3 tube measurements. Considering
the general difficulty in making heat transfer measurements and the
many sources of systematic error such as those itemized in Section
III-E-2, it would be difficult to trace out specific causes for the
small, but nonetheless apparent, discrepancies among these results.
As a final item in Figuré 24 it is seen that the Dittus and Boelter equa-
tion, which has great utility because of its simplicity, becomes an
increasingly poor approximation for the present experimental results
as Reynolds number increases.

In Figure 25 the comparisons of smooth tube results are .
carried to the Prandtl number dependence. Along with the experi-
mental results of the present investigation and those of Hastrup
(Ref. 31), Eagle and Ferguson (Ref. 30), Allen (Ref. 11) and Nunner
(Ref. 5), the theories of Rannie (Ref. 14) and von Kadrméan (Ref. 21)
are compared for a fixed Reynolds number of 1.5 x 105. For purposes
of discussion, the CH results presented in Figure 25 have been divided
by CF;/Z for the same Reynolds number. The CF values determined

in each of the referenced investigations were used in deriving the
5

F values (at Re = 1.5 x 107) so

determined are approximately 3.0 percent lower for the Hastrup,

respective ZCH/CF ratios. The C
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Nunner, and Eagle and Ferguson results than for the Allen results
and the results of the present experiments. The Eagle and Ferguson
results were tabulated in Reference 30 in the form of Reynolds~
number~dependent coefficients for a truncated power series in (Pr~1)
with the stipulation that the resulting expression matched the original
data to + 1/3 percent. Thus the expression

ZCH
C

1
F  1.065 + 0.302 (Pr-1) = 0,003l (Pr-1)

i}

2

for Re = 1.5 x 105 is used to represent their e:?perimental results in
the region of Prandtl number from 3 to 10 over which their measure-~
ments were made. As was done for Figure 24, the Eagle and Fergu-
son results presented in Figure 25 have been slightly shifted in the
direction of the Pr axis in order to provide a direct cofnparison with
the present results. The Prandtl number-temperature function for
water used by Eagle and Ferguson gave somewhat lower values of
Pr at the low temperatures (approximately 4 percent at TL= 77°F)
than the function published in Reference 12, p. 498, which is used
to correlate the results of the present experiments.

It is seen in Figure 25 that the Prandtl number dependence
of the adjusted Eagle and Ferguson measurements is very nearly
the same as that observed in the present experiments for the Pr re-
gion between 3.0 and 6.0. The point representing Allen's measure-
ments, which also agrees with the Eagle and Ferguson results, was
obtained by extrapolating the Allen curve in Figure 24 to Re = 1. 5x105.
In Figure 25 as in Figure 24, it is seen that Hastrup's smooth tube
C,, results are consistently lower than the E-3 tube data, the former

H

being considerably outside of the confidence limits prescribed for
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the present results. Hastrup's measurement methods were nearly
the same as those used in the present experiments, except that he
employed stainless steel tubes. He mentioned that some uncertainty
existed in the value of the tube ;\avall thermal conductivity used in his
data reduction. An error in assumed conductivity could have induced
a systematic error into the computed wall temperature drop and
hence into the CI—I determination.

The smooth tube theories of Rannie* (Ref. 14) and of von
K&irman (Ref. 21), which have been discussed in Section II, are dis-
played in Figure 25. Both of these theories make use of the assump-
tions leading to the heat transfer similarity law for smooth tubes,
equation 57. For the region of Pr values being investigated, the
two theories provide nearly the same predictions, and these predic-
tions are in very close agreement with the results from the E-3
tube. As shown in Figure 25, the experimental point at Prandtl
number of 1.20 for the E-3 tube and the point for Nunner's (Ref. 5)
measurement with a smooth tube and with air as the Working fluid
both tend to verify the prediction of the simplified theory based on

Reynolds analogy:
ch/cF =1.0 atPr=1.0

The discussion presented in Section II would indicate that this good
agreement between the simplé theories and the experimental mea=-
surements is in part due to self-cancellation of the errors intro-
duced with the simplifying assumptions in the theories. If an attempt

is made to correct for any one of the assumptions at the exclusion

*See footnote on p. 28 in Section II.
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of corrections for the others, the resulting '""corrected'' theory may
exhibit poorer agregment with experimental results.
The final item presented in Figure 25 is the slope on the log-

log plot given by
-2/3
ch/CF = Pr

This expression, which is seen to yield very poor correlation with
experimental results in the Pr region between 1.0 and 10.0, is bften
used in connection with heat transfer in smooth tubes. An equally
simple power law which closely approximates the experimental re-
- sults and the theories of Rannie and of von Karmaéan in this Prandtl

number region is

. -0.48 |
ch/cF = Pr (122)

The discussion of the smooth tube results is concluded with
the following observations. First, close agreement was observed
between E-3 tube results and the results of the more extensive mea~
surements made by Allen at a single Prandtl number. This agree-

ment was established in terms of the dependence of C_. on Re, AT

H

and x/D. Secondly, ‘the dependence of CH on Prandtl number for

the E-3 tube was found to agree with that observed in the carefully

f

controlled experiments of Eagle and Ferguson. These comparisons
with Allen's and Eagle and Ferguson's results are taken as evidence
that the expérimental methods used in the present work have success-
fully produced accurate determinations of heat transfer coefficients
corresponding to the idealized conditions of isothermal, fully devel-

oped flow. Finally, the results of the E-3 tube measurements have
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provided additional experimental.corroboration of the theoretical ex~-
pressions derived by Rannie and by von K&rméan. The observed de-

pendence of C.. on Prandtl number near a Prandtl number of unity is

H
of particular interest since this was not covered 'by Eagle and Fergu~
son's experiments. The agreement of the present results with the

theories in this region has direct bearing on the assumptions used in

the heat transfer similarity law. This was discussed in Section II.
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. C. Discussion of Results for Tube D-3

The relatively small roughness height of the D-3 tube was se-
lected primarily to study the heat transfer coefficient in the Reynolds
number region where the transition from smooth-tube-type behavior
to fully rough behavior was observed by Nikuradse. The plot of
CF {Ré} for the D-3 tube in Figure 12 shows that the curve is charac-
teristically similar to the corresponding curve for Nikuradse's sand-~
grain roughness having Reynolds number regions of smooth, transition
and fully rough behavior. In the ''smooth'' region, however, the CF for

- tube D-3 remains approximately 8 percent higher than the CF for
sand~-grain pipe.

Colebrook and White (Ref. 32) observed a CF {Re} profile
quite similar to that of tube D-3 in an artificially roughened pipe.

.'On the inside surface of their pipe, sand of a uniform size was close-
packed and a uniform dispersion of larger grains was superposed,
the large grains covering only a few percent of the total surface. By
variations of this type of roughness distribution they were able to show
that the dispersed large grains were solely responsible for the increased
CF in the ''smooth'! region while both the small grains and the large
grains contributed to the CF level obtained in the fully rough region.
Since the absolute roughness height required for the D-3 tube was
only of the order of one-thousandth of an inch, great care and effort
was required to even approach the attainment of a uniform surface
roughness. It seems quite possible that the existence of dispersed
elements of anomalously large roughness height might have caused
the small observed increase in the CF level in the ''smooth'' region.

The mean diameter (dSg = 0,0032 inch) of the sand used in
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 making the mandrel for the D-3 tube is given in Table 1 along with

the computed hydraulic equivalent sand-grain roughness (eS = 0.00092
inch). It had been expected that the roughness height would correspond
to about one~half of the mandrel sand-grain size since the grain inter-
stices on the mandrel were half-filled with lacquer as nearly as could
be judged. This should have given a roughness height, peak~to-valley,
of 0.0016 inch. Brush Surface Analyzer records of samples of the
finished tube, of which Figure 4 is an example, show the roughness
elements obtained to be of the order of 0.0005 to 0.0016 inches. This
implies that the mandrel grains were filled somewhat more than was
expected so that, on the average, a reduced roughness was obtained
in the finished tube. The surface analyzer records are rather im-
perfect measures of the true roughness height both because they
display a straight=~line trace of the surface which only occasionally
passes directly over the maximum contour of a roughness element
and because the instrument measures the difference in height between
the position of a rider and' the measuring stylus. For the latter rea-
son, often an excessive peak-to-valley measurement and/or an
incorrect profile shape are registered for surface,é having the rough-
ness magnitude of the D-3 tube. The agreement between the computed
€ value and the éoarse measurements by the surface analyzer is
satisfactory; however, no accurate independent check on Nikuradsetls
experiments is afforded thereby. Additional information on the D-3
tube roughness was obtained by a close microscopic examination of
the tube-sample surface which showed longitudinal strips of a circum-
ferential width on the order of 30 to 90 degrees of arc where the

roughness height appeared to be less than the average height. This
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 indicated that the amount of lacquer filling of the sanded mandrel was
not perfectly uniform. This observation will be referred to again in
the discussion of the CH measurements.

The composite of the D-3 tube heat transfer results in terms
of the circumferential mean CH is presented in Figure 14 and in Table
5. In order to illustrate the relatively large circumferential varia-
tions in CH,that are peculiar to this tube, Figures 26 through 29,
given respectively for each of the nominal Pr values, are also pre-

sented. In these latter figures the C_, values obtained from two

H
different circumferential locations at the last thermocouple station

are plotted. These individual C., values, which are also tabulated

Hx
in Table 5, were derived using the same method of extrapolation~to-
isothermal-conditions used in obtaining the mean CH values. The
mean CH values, plotted in Figure 14, are replotted in Figures 26

through 29.. The C., results from the third circumferential location

H
are not.shown since they are nearly the same as the mean values.

For purposes of comparison and discussion, the mean (CF/Z){Ré}
functions for both the D~3 tube and the smooth tube, along with the
smooth tubé CH {Re} function for the corresponding Prandtl number,
are also presented in these figures. Inspection of the plots in Figures
26 through 29 reveals several important features: 1) At low Reynolds
number, the CH values for the D-3 tube are very nearly those of the
smooth tube for the same respective Pr values. 2) At low Re values,
the CH values at the three circumferential positions converge to the
mean value. 3) As the transition region is apéroached, the heat trans-

fer coefficient as well as the friction coefficient begins to increase

with respect to the corresponding smooth tube coefficients, and
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concurrently the local CI—I values at the three circumferential positions
begin to separate from each other. 4) This trend continues as Re in-
creases until the fully rough condition is approached. And 5), shortly
before the fully rough Re_aynolds number is reached, the separation
of the individual CI—I values acquires a fixed pattern independent of Rey~-
nolds number and of Prandtl number with the CH values at the number
o7 i)osition being approximately 14 percent above and the values at the
number 8 position being approximately 14 percent below the mean CH
value. |

Considering the low Re region, one sees that, for Re less
than about 3.0 x 104, the heat transfer characteristics as well as the
momentum transfer characteristic (CF) are very similar to the re-
spective characteristics of the smooth tube. The detail of this similar-
ity appears also in plots for tube D=3 (not shown herein) of CH as a

function of tube station and the plots of C_, as a function of ATf; both

H
of these plots are nearly identical in all respects to the respeétive
plots for the smooth tube shown in Figures 22 and 23.

The variation in the measured CH values with circumferential
location in the high Reynolds number region persists, with the same
circumferential orientation, throughout the length of the heated test
section. This fact is illustrated in Figure 30 which shows CH values
computed for each of the nine thermocouple locations for a selected
test in the fully rough region. Also seen in Figure 30, a comparison
of the mean CH{X/D} line with the bulk temperature reference line*

indicates that the thermal entrance effects may not have completely

disappeared at the last measurement station. This is typical of the

*The generation of the bulk temperature reierence line 1s discussed
in Section IV-B in connection with Figure 22.
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E~3 and the D-3 tubes and has been accounted for in the error analysis.

The most probable explanafion for the observed circumferential
variation in CH values for the D-3 tube is that slight anomalies in the
surface roughness exist which are sufficient to cause non-uniform shear
stress and heat transfer film conductance. The conclusion that devia~
tions of this magnitude are not due to individual thérmocouple errors or
to local variations in 'the tube wall composition or thickness is implied
by the error analysis of Section III-E-2. This conclusion is further
substantiated by the facts that the CH spread is observed to be inde-
pendent of heat flux and that, at the low Reynolds numbers, the spread
is nonexistent. The possibility was considered that the small non~
concentricity between the smooth center-pressure~tap area* and the
rough test section could cause a distortion in the fluid velocity profile
leading to the observed effects. However, it seems doubtful that such
a locally induced distortion would propagate undiminished for 40 di-
ameters down the tube and that this would hold true over a large range
of Reynolds numbers. F(lallowing the main series of tests, a check
for the possibility that a ridge might have been formed into the tube at
the exit end of the smooth pressure~tap area was made by passing an
expandable reamer through the entrance section and into the pressure-
tap region. No evidence of a ridge was found, and following the ream-
ing operation, several of the heat transfer tests were repeated with
no significant changes from the previous tests being observed.

Under the‘hypothesis that circumferential variations in rough-

ness are responsible for the observed differences in local CH values,

#*See Appendix I for details on the tube construction.
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an estimate of the roughness variation necessary to produce these
results can be made. First it is noted that, for the Reynolds num-~
ber range of interest, the radial gradients of vélocity and tempera-
ture are concentrated in a region very close to the wall. Thus it
is assumed that there exists little intei'action between circumferen-
tially adjacent parts of the wall exhibiting small differences in
shear stress. Further, it is assumed that, for each circumferential
region of wall with a particular roughness, the velocity outside of
the wall region corresponds to the velocity that would be attained
in a tube of the same diameter having this particular roughness over
its entire surface. This reasoning is essentially similar to that used
in ascertaining the turbulent friction coefficients in non~circular
ducts from circular tube data by use of the so~called hydraulic
diameter.

On the basis of this model, the Stanton number (CHi) mea~
sured in a particular roughness region, is that which would be
obtained in a tube having this same roughness throughout and oper-~
ating at fully established conditions with the same discharge velocity
(um). Using the cross correlation, to be developed in Section IV-F,
for CH as a function of €/D at given Re and Pr, it is possible to es-
timate the circumferential variations in roughness height necessary
to produce the CHi variations of + 14 percent observed for tube D-3.
The result is that a percentage variation in the roughness height of
approximately tbree times the percentage variation in CHi’ i.e.

T 42 percent, is required to explain the observations. Based on the
mean equivale_nt sand~-grain roughness of 0.00092 inch, this implies

that the roughness height varied from 0.0005 to 0.0013 inch in the



~118 -~
circumferential direction. As discussed previously in this section,
roughness variations of this order were observed and could have
come about due to inaccurate distribution of the lacquer used to
fill the grain interstices on the tube mandrel. The lacquer was
sprayed in longitudinal traverses which may explain the fact that
the same circumferential pattern in CHi values extends throughout
the test section.

" One of fhe purposes of the present investigation is to pro-
vide a comparison between the heat transfer and momentum trans-
fer coefficients at various €/D, Re and Pr values. For use in the
cross comparisons among the results of the three rough tubes,
the D-3 tube is identified with the € S/D value determined from the
measured friction factor at high Reynolds number. There is no
way to clearly determine which of the three measured local CHi
values most closely corresponds to:the surface-averaged CF
determined from the tube pressure drop, since the portion of the
tube surface area represented by any of the measured CI—Ii values

is unknown. Thus the three C i values are treated as random

H

samples from a distribution of surface roughness conditions, and

the mean value of the three C i values is taken as a measure of

H
the Stanton number corresponding to the measured CF' From the
various inspections and measurements of the samples taken from
the finished tube and from the preceding discussion on the sensi-

tivity of the variations in C i to variations in roughness, it is

H
concluded that the observed circumferential variations in CHi rep-
resent nearly the maximum variations in roughness occurring in

the D-3 tube. Thus it is assumed that the observed spread in the
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CHi values represents the maximum uncertainty in the CI—Ii point
average as a measure of the desired, area-averaged Stanton num-
ber. Thus + 14 percent is used in Section III-E-2 as the '"roughness
error'' (%6 R.E.) for the D-3 tube operating at high Reynolds num-~
bers. Thus, for the cross comparisons, a relatively large over-all
uncertainty of as high as + 17 percent (at high Re; low Pr) is allowed
for the heat transfer results of the D-3 tube.

It is important to note that the relatively large uncertainties
ascribed to the D-3 tube results do not apply directly to the '""form"!
of the measured (CH/CF){Re;Pr} dependence. Within the assump-
tions of non~interaction between adjacent wall regions as used in
the preceding discussion, each arc of wall having a particular
roughness characteristic gives the same CH {Re, Pr} function as
would be obtained if the wall had this particular roughness through-
out. Thus the CHi{Re, Pr} measured at any of the thermocouple
locations gives a meaningful functional form; the uncertainty exists
only as to what local roughness is represented by cHi and what
local CFi corresponds to the CHi‘ Thus the effective, area-averagéd
CH{Re, Pr} function,that corresponds to the measured méan CF{Re}
and the ES/D deduced from the mean CF’ is expected to run consis~
tently between some pair of the measured CHi {Re, Pr} functions. That
is, in the case of the Re dependence shown in Figures 26 through 29,
this effective, area-averaged CH{Re} for a given Pr is expected to
run more or less parallel to the average EHi curye shown, and the
area-averaged curve is expected to lie somewhere between the ex-

treme CHi{Re} curves. Thus even though the level of the effective

curve is given a large uncertainty, the curve is not expected to change
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its relative position between the uncertainty limits as Re is changed.
The same arguments hold for the cross plots of Figures 26 through
29 at fixed Re values. From comparisons among these figures it
can be seen that the relative percentage spread between the individual
CHi curves at a fixed Re is nearly independent of Pr such that the
cross plots on log-log paper will show a series of nearly parallel
lines. The shape of the desired area-averaged CH{Pr} c.u.rve is
thus closely represented by the average of the three measured
CHi{Pr} curves.

The discussion is now returned to the general D-3 tube results
and to the relationships of heat and momentum transfer in the transi-
tion region which are given by these results. First it is noticed that
the sensitivity of the heat transfer coefficient to wall roughness
appears to increase with Prandtl number in the transition region.

The shift in the CF{Re} curve away from the smooth type behavior
(Cf. Figures 26 through 29 and Figure 14) appears to be anticipated

at a lower Reynolds number by the CH{Re} curves for high Pr values.
In connection with this observation, there is a region in the curves
for Prandtl number equals 5.94 and 4.38 respectively where CH is
increasing with increasing Re while CF is still decreasing.

A second interesting relationship is apparent from a com-
parison of the E-3 and D-3 curves for (ZCH/CF){Pr;Re} in Figure
21 and the curves for (ZCH/CF){Re;Pr} in Figures 17 through 20.

In Figure 21 it is seen that the values of ZCI—I/C_F increase with re-~
spect to those for the smooth tube as Prandtl number is increased,
and at the high Pr values, the roughness of tube D-3 has a greater

effect on Cy; than on Cp. such that the ratio ZCH/CF exceeds that of
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the smooth tube. This enhancement of CH relative to C_, is peculiar

F
tvo operation in the transition region. The dependence of ZCH/CF on
Re shown in Figures 17 through 20 displays the general tendency of
these values for tube D-3 to rise faster with increasing Re near the
begﬁming of the transition region than the ZCH/CF values for the
smooth tube. Then as transition nears completion the tube D-3 curves
fall away from the respective smooth tube curves. The latter behav-
ior, which is typical of the results from the other rough tubes, can
only be seen for tube D-3 at a 'Pra.n‘dtl number of 1.20 whereat Rey-
nolds numbers in the fully rough conditions are attained.

The discussion of the D-3 tube results is summarized as
follows, The heat transfer measurements on this tube are of some~
what poorer quality than those of the other tubes. This is primarily
due to the difficulties involved in producing a uniform rbughness of
the small scale required foi' measurements in the transition region
with the tube diameter used for these experiments. A definite transi-
tion region was observed for the D-3 tube with a CF{Re} character-
istic not too unlike that obtained by Nikuradse for sand-grained sur-
faces, and several important features of the heat transfer charac-
teristics for this region were also noted. It was found that, in the
region of smooth~type friction, the heat transfer coefficient is simi~
lar to that of a smooth tube. Then, as the Reynolds number is
increased and the friction coefficient rises above the smooth tube
curve, the heat transfer coefficient also rises, this effect being
mozte pronouncéd at high Prandtl number. Fiﬁally, as the transition
to fully rough behavior nears completion the heat transfer coefficient
forms a maximum and again starts to decrease with increasing Rey~

nolds number. In the D-~3 tube results, this formation of a maximum
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is only weakly implied by making comparisons of CH{Re} curves at
different Pr values; however, the existence of such a maximum is
substantiated in the comparisons with the other rough tube results
in Section IV-F. One of the most interesting observations from the
D-3 tube results is the presence of maxima in the (ZCH/CF){Re}
curves which occur in the transition region. For high Pr values,

the ZCH/C values in'the region of these maxima even exceed the

¥

respective smooth tube values.
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| D. Discussion of Results for Tube C-~9

The intermediate roughness of the C-9 tube provides informa-
tion on the heat transfer characteristics near the high Reynolds number
portion of the transition region and over an appreciable segment of
the fully rough region. The friction factor versus Reynolds number
curve (Cf. Figure 12) for the C~9 tube closely resembles the Nikur-
adse function for an equivalent sand-grain roughne ss ratio (€ s/D) of
0.0138. The presence of a distinct rise in CF with Reynolds number-
~ at low Re values implies that a definite scale of roughness height
exists in the C-9 tube. As was mentioned in Section IV-A, Colebrook
showed that,in natural pipe surfaces where many scales of roughness

coexist, C_, decreases monotonically with Reynolds number in such

F
a way that the fully rough condition is approached asymptotically.
The small rise of approximately 6 percent in the CF {Re} curve which
occurs for Re greater than about 2 x 105 may be indicative of a rough-
ness shape in the C-9 tube which is somewhat different from that of
Nikuradse's pipes.v |

As shown in Table 1, the mean sand grain size used to make
. the mandrel for tube C-9 was approximately 0.0075 inch; whereas
the hydraulic equivalent sand-grain size for the finished tube is
0.00542 inch. This could be faken to imply that the grains on the
mandrel were filled with lacquer to approximately one-third of the
height of the grains, an implication which is not unreasonable. How-
ever, another possibility exists. Friction experiments were per-
formed by Schlichting (Ref. 18, p. 424) using a wide rectangular duct
with various regular arrays of roughness elements distributed on one

of the long side-walls. In these experiments velocity profiles were
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measured to establisil the height of Nikuradse's sand roughness which
would produce the same logarithmic velocity profile. For one case
investigated by Schlichting, spherical segments with height equal to
0.65 of the spherical radius were placed close-packed on the wall
with the result that the hydraulic equivalent sand-grain size was 1. 40
times the height of the segments. This illustrates that roughness
shapes differing only slightly from sand grains can give appreciably
different friction for the same roughness height. Since the roughness
used in the present work is definitely of different shape than sand
grain roughness, it could well be that the relatively large hydraulic
equivalent sand roughness of the C~9 tube is due to the shape and

not to the height of the roughness. Measurements of the maximum
peak-to-valley excursions on cross sections of the C-9 tube such

as are shown in Figure 3 give support to this reasoning.

A typical example of the local variation of the heat transfer
coefficient for the C~9 tube is shown in Figure 31. The relatively
wide circumferential dispersion at the first thermocouple station is
most probably due to an asymmetrical disturbance in the main flow
generated by a slight non-concentricity of the upstream pressure-
tap region. At the two downstream stations, this disturbance is
seen to have damped out. A comparison of the average Cyy line to
the bulk temperature reference slope shows that fully established
flow conditions are nearly attained at 26 diameters downstream from
the start of heating. |

The CH{Re;Pr} plots of Figure 15 will be discussed next.

A rise in CH with increasing Re is clearly evident in the transition
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region where C., is also rising; this is commensurate with the behavior

F
of the D-3 tube. As transition is completed and the Cf{Re} function
assumes a nearly constant value, the CH{Re} function attains a maxi-
mum and 'begins to decrease as Reynolds number increases. This
deviatioﬁ of the CH{Re} dependence from that of the CF{Re} in the
fully rough regime is shown more directly in the (ZCH/CF){Re} plots
-of Figures 17 thrﬁugh 20. In the figures, as in the D~3 tube results,
the ZCH/CF values for the rough tube exceed those of the smooth tube
in the transition region at the higher Prandtl numbers; whereas the
rough tube value progressively falls away from~ the smooth tube re-
sults as Re is increased into the fully rough region.
The cross plot of these ZCH/CF{Re;Pr} curves is shown in
Figure 21. The Reynolds number (1.5 x 105) for this cross plot is
well into the fully rough region for tube C-9. As Prandtl number in-
creases, the ZCH/CF ratio for the C~9 tube increases with respect
to the same ratio for the smooth tube. This effect is not as pronounced
as in the case of the D-3 tube which is operating in the transition region
at Reynolds number of 1.5 x 105.
It is clearly evident from the tube C-9 results that the heat
transfer coefficient is still strongly dependent on Reynolds number
and Prandtl number in the fully rough region. Thus, CH is still de~
pendent on the molecular transport properties even though the friction

factor (CF) is independent of the molecular shear stress coefficient

(viscosity). This will be discussed further in Section V.
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E. Discussion of Results for Tube A-4

The A-4 tube was produced and tested to determine the heat
transfer characteristics in the fully rough regime over a wide range
of Reynolds numbers. The friction factor obtained for this tube
(Cf. Fig. 12) is somewhat greater than that of the roughest pipe
tested by Nikuradse. The fully rough condition extends throughout
the most of the Reynolds number range tested. The slight drop in
the CF{Re}‘function at low Reynolds number occurs close to the
point predicted for the equivalent sand-grain roughness. A slight
rise in the CF{Re} function, similar to that observed for the C-9
tube, occurs at the high Reynolds number end of the curve.

The equivalent sand grain size for the A-4 tube (0.0195 inch-
diameter) is larger than the mean grain size (0. 015 inch-diameter)
used in prodﬁcing the tube mandrel. It is estimated that the grain
interstices on the mandrel were filled with lacquer to 10 to 20 per-
cent of the grain diameter so that the roughness height in the A-4
tube is approximately 0.013 inch. Thus the A~4 tube roughness
has about the same hydrodynamic effect as a sand grain surface
of 50 percent larger roughness height. As proposed in the discus-
sion of the C-9 tube (Sec. IV-D), this is most probably due to the
non-similarity between the shape of Nikuradse's sand grains and
shape of the roughness elements obtained in the tubes of these ex~
periments.

An example of the local CHX distributiops for the A-4 tﬁbe
is shown in Figure 32. The relatively wide dispersion of the local
measurements for this tube is attributed primarily to variations

of heat transfer coefficient measured at random locations on the
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roughness elements. This effect, which is discussed in Section
III-E-2, is responsible for the larger uncertainty allowed in Table
2 for the A-4 tube results as compared to that of the C-9 tube. The
distribution of the individual CHXvalues shown in Figure 32 varies
to some extent with the Reynolds and Prandtl numbers of the other
tests, but in all tesfs the line joining the mean E—Hx values at each
longitudinal station indicates that fully established conditions are
prevalent throughout the heated test section.

Several observations can be made concerning the isothermal,
fully established CI—I values presented for the A-4 tube. The plot
of CH{Re;Pr} in Figure 16 shows that the fall off of CH with increas-
ing vReynolds number observed in the tube C-9 results is continiued
farther into the fully rough regime. Figure 20 shows that, even
for this very rough tube, the (ZCH/CF){Re} values for Prandtl num-
ber of 5.94 exceed those of the smooth tube near the transition
region which is being approached at the low Reynolds numbers. In
Figure 17 one sees that this high CH/CF performance of the very
rough tube relative to the smooth tube is no longer evident at low
Prandtl number (1.20). Even if the (ZCH/CF){Re} curve is extrapo-
lated back to the transition region, it does not appear that the
ZCH/CF values will exceed those of the smooth tube. In Figure 21,
the (ZCH/CF){Pr} dependence for the A-4 tube is seen to be very
similar to that of the C-9 tube. This might have been expected since,
at Reynolds number of 1.5 x 105 used as the basis for this plot, both

tubes are operating in the fully rough regime.
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F. Collective Comparisons of Results

In Section II it was shown by means of a similarity analysis
and certain simplifying approximations that the general experimenfal
task o£ finding the four-variable dependence CH {Re,Pr,e/D} can be
reduced to finding a three-variable dependence,

(CF/ 2Cpy)-1
Cp/2

insofar as geometrically similar roughness shapes are being consid-

=g {e*,Pr} -A (54)

ered. The assumptions used to generate equation 54 are closely
rélated to assumptions successfully used in certain smooth pipe
theories for Prandtl number greater than 0.6. These smooth pipe
theories contain the expression
(CF/ch)-l
JCF/Z‘

Thus, as similarity parameter €% approaches low values where the

= F{Pr} (57)

rough tubes of the type being investigated give the same heat trans-
fer and friction characteristics as a smoc')th tube, the quantity
(g {€*,Pr} -A) should approach F{Pr} thus becoming independent
of €%,

From this deduction and to the extent that the roughness ele-
ments in the three pipes of these experiments are geometrically

similar, it should be possible to plot the group

C
(Z_CE{I -1) /2

for all of the rough tubes as a function of

e*= (Re \/CF/Z' €/D)
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resulting in a single valued function for each fixed Prandtl number.

Before presenting such a plot, consideration must be given
to the observation that the mandrels used for making the three rough
tubes apparently contained successively smaller percentages of
lacquer filling as the roughness scale increased. This fact is de-
duced from the comparison in Table 1 of the mean sand-grain size
(dsg) used to make the mandrels with equivalent sand-grain roughness
for the finished tubes (€ s) as determined by the friction measure-
ments. This variation in the amount of lacquer fill.ing on the man-
drels was in part intentional in order to obtain as small a resulting
roughness as possible commensurate with the smallest mandrel
grains that could be readily produced. To a certain extent, how-
ever, the increased filling of the smaller grains was unavo‘idable
with the lacquer spraying techniques employed and with the neces-
sity of having some lacquer in all of the interstices. Thus it is seen
that the roughness shapes in the three tubes are not exactly geomet-
rically similar even though the mandrel sand grains were statistically
similar. This defect in the finished tubes is partially overcome,
for purposes of the cross comparisons of the heat transfer coeffi-
cients, by assigning the equivalent sand grain roughness to each
tube.

As given by the friction similarity law (Eq. 26) discussed

for any set of tubes with geometrically similar roughness elements,

1
,/CF/Z'

where B and B are constants and where A{€*} is constant in the fully

B Ln(2¢/D) = A{e*} -p - (123)

rough regime. Thus the ratio of the € /D values for two different

tubes with similar roughness shape must bear a definite -
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relation to the fully rough friction factors (CF F.R ) regardless of
the particular type of roughness being considered. Thus from equa-

tion 123 one can write

(e/D), 1 1

o el k[ ]

FF.R.)b/Z \[(CFF.R.Aa

and ''b'! refer to any two tubes respectively.

where the subscripts ''a'!

This must be true, independently of the function A{€%} which charac-
terizes the particular ''shape’' of the roughness elements under study.
The Nikuradse sand-grain surfaces were fdund to obey the relation~
ship in equation 123 and hence equation 124. Therefore, by associating
the Nikuradse equivalent sand-grain size (ES) with each of the tubes
of these experiments, equation 124 is forced to apply to the present
results, and thus the satisfaction of the similarity requirements for
the friction behavior is assured before attempting to show that the
similarity requifement for heat transfer is valid. Having established
GS/D from the CF F.R. value of any tube, the remaining CF{Re} func-
tion for Nikuradse’s sand-grain roughness is generated by using his
A{e*} function in equation 123. The degree to which these CF{Re}
functions for the sand-grain type of roughness also describe the
transition~region behavior of the present tubes is shown by good
agreement between the solid and the dashed lines in Figure 12,

Using the equivalent sand-grain roughness, the results from
all of the tubes of this experiment are then presented in Figure 33
in which

(C’F/ch)-l

is plotted for the four Prandtl numbers investigated and where €* is defined

+ 8.48= g{e*;Pr} : (125)
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€* = Re [C_/2 (¢ ,/D) (126)

The constant 8.48, which is the value of Nikuradse's A{e*} for the
fully rough condition, is included in the definition of g{€*;Pr} for
convenience in comparing the results with the theoretical reasoning
to be presented in Section V. The ''g"" values for the smooth tube
can be represented by Rannie's theory (Ref. 14) which was shown by
Figure 25 to correlate the results of the E~3 tube. Thus for the

smooth tube
g = F{Pr} + 8.48

where F{Pr} is the function developed by Rannie. Since this is in-
dependent of €%, the result is repi'esented by short horizontal lines
at the low €* end of the curves in Figure 33. These lines then rep-
resent the asymptotes of the rough tubes results insofar as the heat
transfer and friction coefficients approach the smooth tube behavior
at low Reynolds number.

The fact that the curves generated in Figure 33 by the data
points of the thr‘ee tubes of differing roughness are nearly continuous
is regarded as a significant substantiation of the similarity rule,
g{e*;Pr}, developed in Section II. At Prandtl number of 1.20, the
match between the results of the different tubes is excellent, while.
‘at the highest Prandtl nu:nbér some discrepancy between the tube
C-9 and the tube A-4 points is apparent in the region of overlap. To
ascertain fhe significance of this discrepancy, it is first noted that,
at Prandtl number of 5.94, a one percent variation in ''g'' implies

0.75 to 0.90 percent variation in CH’ and at Prandtl number of 1. 20,
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a one percent variation in ''g'' implies 0.44 to 0.88 percent variation
in CI—I' Thus the maximum spread of approximately 10 percent in the
""g'! values for the C-9 and A-4 tubes at Prandtl number of 5.94 in
the region of overlap corresponds to approximately 9 percenﬁ CH dis-
crepancy. As seen in Table 2, the uncertainty in the tube A-4 results
at the low Reynolds number is approximately + 5 percent and the un-
certainty for the C-9 tube at high Re values is approximately + 3
percent. Thus some of the 9 percent discrepancy could be attributed
to systematic errors in the measurements. The remaining discrep-~
ancy could be a result of the slight lack of similarity between the
roﬁghness shapes of these two tubes. The fact that the D-3 tube data
points blend so well with the extensions of the C-9 and A-4 tube re-~
sults shows that the identification of a roughness scale selected to
meet the friction similarity requirements with tubes having slightly
dissimilar roughness shapes leads to a successful correlation of the
heat transfer results. This will be shown again in the discussion of
Nunner's results in Section VI.

The €* abscissa in Figure 33 is the same parameter with
which the various regimes of the friction behavior of rough tubes
is described. For €% less than about 3.5, Nikuradse (Ref. 10) found
sand-grained tubes to have nearly the same friction characteristics
as smooth tubes. Between €* values of 3.5 and 67 he found a tran-
sition region, and for €* greater than 67 he observed the fully rough
condition. Figure 33 shows that these regions also have significance
for the g{€*;Pr} functions. For the low €* values, the D-3 fube
points are seen to approach the respective smooth tube lines, ap-

pearing slightly above the latter for all four nominal Pr values.
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The transition region for the higher Pr values is characterized by
the formation of a minimum near the high €* end of the region. At
Prandtl number of 1.20, the g{€*} function rises monotonically in
the transition region. In the fully rough region the g{€*} curves
for the various Prandtl number values become parallel on the log=~
log plot and tend toward a fixed positive slope.

By the use of the empirically established g{€*;Pr} functions
of Figure 33, it is now possible to predict the desired CH{Re,E/D;Pr}
functions for this general type of roughness over a much wider range
of Reynolds numbexr thén was investigated for any particular tube.
Further it is possible to interpolate the CH{Re;e /D;Pr} functions
for €/D values other than those for the three rough tubes investi-
gated. Inverting the definition of '"g'' (Eq. 125) there is obtained

Cr{Re,€/D}/2

C..1Re,e/D;Pr; =
ke, €/ D) [CF{Re,E/D}/le/Z[g{e*;Pr}-s.48]

(127)

where .
1/2

€*= (€/D) Re [CF{Re,e/D}/Z] (128)
Thus a knowledge of the CF{Re,e /D} function and the g{€*;Pr} func-
tion is sufficient to determine CH for a given type of roughness.
Further, the CF{Re,e/D} is given by the friction similarity law
(Eq. 26) once the A{€*} function for the given roughness type has
been established. The plots of CH{Re;e/D} shown in Figures 34
and 35, for Prandtl numbers of 1.20 and 5. 94 respectively, were
generated from the smoothed g(€*;Pr) curves of Figure 33 and the
A{e*} function for Nikuradse's sand-grain roughness. Additional

discussion of these extensions of the results will appear in Section VII.
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The CH values predicted from the g{€*;Pr} functions for
Reynolds numbers below about 2300 are of course meaningless since,
as Nikuradse showed, completely laminar flow occurs in this region
for all roughness ratios, and hence the analysis used in generating
the ''g'"" function becomes inapplicable. |

In the fully rough region, the g{e*;Pr} function can be rep-
resented by a simple exponential relationship. This is clearly
indicated in Figure 36 whérein the g{e*;Pr} experimental points
from Figuré 33 have been multiplied by the respective values of

(Pr)-o' 44.

The congruence of the points shows that the exponential
form quite adequately describes the Prandtl number dependence not
only in the fully rough region but also in part of the transition region
for the higher levels of Prandtl number. For the fully rough region,

the g(Pr)-o' 44

{€*} function is closely approximated by the straight
line of slope 0.20 shown in Figure 36 so that a simple analytical

function can be written;

0.20 ( 0.44

=5.19 (€%) Pr) (129)

¥ .R.

Entering this in equation 127 gives a complete analytical relation be-
tween the heat transfer and friction coefficients for tubes having the
roughness type investigated herein and operating in the fully rough

regime:
Crr.R./2

c = = L '
HF.R. C C €_ 0.20 0.44 .
1+,/—£2El:-fi:[ 5.19(Re [—2:B: 5)  (pr) -8-48} (130)

where
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€_/D = exp {(3.0 - e )/2.5} (131)

VCrr.r./ 2

Equation 131 is an inversion of the friction similarity law (Eq. 26) for
the equivalent sand-grain roughness ratio.

Discussion of the collective cémparisons of the experimental
results as culminated in Figure 36 will be continued in the next sec-

tion, ¥'Interpretation of Results.''
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V INTERPRETATION OF RESULTS

Several .analytical forms for predicting the relationships of
heat transfer from rough surfaces have been suggested. Some of
theseb are based on certain auxiliary experimental observations while
others are the result of deduction supplemented by considerable con-
jecture. None of these theories considered herein adequately pre—'
scribe all aspects of the results from the present experiments. In
this section an attempt will first be made to explain the similarity
parameter for heat transfer in terms of the results of these exper~
iments. Secondly, several of the previously existing theories for
rough tube heat transfer will be discussed within the context of the

heat transfer similarity law and the experimental results.



-137-

A. Physical Interpretation of the Similarity Parameter for Heat Transfer

The similarity arguments presented in Section II lead to the re-
duction of the general four-variable relationship for heat transfer in pipes
having geometrically similar roughness elerhents, CH {Re, €/D, Pr}, ‘to the
three-variable relationship, g{€*,Pr}. This simplification, which is
supported by the results of the present experiments, greatly reduces the
problem of empirically determining the heat transfer coefficient for a
range of the variables Re, €/D and Pr. In the same manner this simpli-
fied relationship is most useful for interpreting the experimental obser-
vations. Thus it will be convenient to discuss the experimental results

-0’44{6*;131‘} shown in Fig~

in terms of the functions g{e*;Pr} or g(Pr)
ures 33 and 36 respectively.

For the low €% region, it was expected that the rough tube would
show heat transfer characteristics nearly equal to those of a smooth
tube for the same reasons that Nikuradse found the friction characteris~-
ti;:s to be indepéndent of roughness in this region. It is assumed that
for low €* the nearly laminar flow zone next to the wall is so thick com-
pared.to the height of the roughness elements that the fluid velocity near
the elements is very low. Thus the flow disturbance caused by the
presence of the elements is negligible. Further, under conditions of
heat transfer, the temperature drop in the immediate neighborhood of
the roughness elements is expected to be negligible compared to the
temperature drop across the laminar zone. Thus the rough tube is ex-~
pected to exhibit all of the smooth tube characteristics as €* becomes

small. In terms of the heat transfer similarity parameter this implies,

as shown in equation 57, Section II, that

g{e*,Pr} = F{Pr} + 8.48
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as €% approaches zero. The function F{Pr} is the smooth tube inte~
gral given by equation 48. The D-3 tube results have confirmed this
expectation as shown by the close approach of the g{e*;Pr} curves to
the respective (F{Pr}+8.48)values at low €*. The value of the func-
tion (F{Pr}+8. 48) is indicated by the dashed lines on the left hand
sides of Figures 33 and 36. The failure of the curves to match the
F{Pr} values exactly can be attributed to the observed deviation of
the CF{Re} curve for tube D-3 from that of the smooth tube in the
low Reynolds number region where smooth~type behavior should have
been in evidencé (Cf. Fig. 12). This was explained in Section IV-C
as possibly being due to surface imperfections in the D-3 tube.

Because of the complex nature of the flow which occurs for
€* values in the transition region, it is difficult to carry any inter-
pretations of the g{e*, Pr} function for this region much farther than
to say that a continuous evolution from the smooth-type behavior to
the fully-rough~type behavior should occur; That such a continuous
conversion of the ''g'' factor dependence on Pr and €% does charac-
terize the transition region is clearly evident in the g(Pr)-o' 44{6 #*;Pr}
plots of Figure 36. In the transition region, the dependence of g
on €* changes from essentially no dependence in the ''smooth'' region

0.20

to €*7' 7" in the fully rough region for all Prandtl numbers. Also in

the transition region, the Pr dependence changes from (F{Pr}+8. 48)

-0.44

for the '""smooth'' region to (Pr) for the fully rough region.

The following heuristic description of the flow in the tran~

sition region provides a qualitative explanation for the observed CF

and CH behavior. As Reynolds number, and hence also €%, is in-

creased beyond the '"smooth'' region, the wall layer, in which the
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molecular momentum transport is paramount, becomes progressively
thinner. Concurrently, the mean fluid velocity in the vicinity of the
Itips of the roughness elements becomes greater until the flow begins
to separate from the highest of the elements. This instigates a sec-
ondary flow, perhaps intermittent, in the neighboring roughness
cavities and also sheds vortices into the stream, thus introducing
disturbances into the laminar wall layer. The improved momentum
exchange due to this added turbulence brings the mean wall shear,
and hence CF’ to a larger value than would be attained in a smooth
tube at the same Reynolds number. As Re is further increased, sepa-
ration occurs at all element.s, the laminar layer is disintegrated and
the turbulent momentum-~-exchange~coefficient becomes dominant
right to the tips of the clements. The increased turbulence also de-
creases the thermal resistance of the laminar region leading to an
increase in the rough tube CH over that of a smooth tube. At higher
Prandt]l numbers, a greater percentage of the total radial tempera-
ture change occurs in the layer close to the wall; hence at high Pr
values the heat transfer coefficient is more sensitive to the amount
of turbulence in the so-called laminar layer. The supplementary
disturbance in this layer induced by the roughness then has relatively
more effect on CH for a high Pr condition than for low Pr. This
Prandtl number sensitivity was observed for the rough tubes of this
experiment operating in the transition region.

An attempt to explain the transition region g{e*, Pr} function
in terms of the functions appearing on the right hand side of equation
55 of Section II does not look promising. In the transition region,
some laminar flow external to the roughne ss persists. However, the

amount and distribution of eddy viscosity in this part of the flow is
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changed.from that of a smooth tube because of the turbulence being
shed at some of the roughness elements from which separation is
beginning to occur. This is further complicated by the interaction
of the rough under-surface with the turbulence being generated near
the outer edge of the laminar layer. From this discussion it appears
difficult if not impossible to establish, other than by direct measure-
ment, the way in which the mean axial velocity distribution changeé
from the log profile in the fully turbulent, outer flow to the velocity,
ug, at thev tips of the roughness elements. Thus the F{Pr,e*}, and
(ug/u"_){e*} functions in equation 55 cannot be predicted, and with-
out (,ug/u_r), the boundary condition needed for determining the cavity
Stanton number (CHC) is not established.

Turning to the fully rough region, one finds the problem
of quantitatively interpreting the results to be a little less formid-
able. Here the complete g{€*, Pr} dependence is experimentally
found (Cf. Sec. IV-F, Eq. 129) to be well represented by the simple

exponential variation

4

ex,Pr} = 5.19 (e%)° 20 (pr)0- % (129)

gr R 1

Also, by the development presented in Section II, the complex of
terms on the right hand side of the theoretical equation 55 simplifies

in the fully rough region to yield

B 1 '
{e*, Pr} = g Cy; . 18- 48¢¥, Pr} (56)

gr.R.

Hence the problem of theoretically interpreting the experimental
g{€e*,Pr} results for fully rough conditions is reduced to that of find-

ing a theoretical expression for the roughness-cavity Stanton number
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that corresponds to the expression in equation 129.
In Appendix VII, a model for the flow conditions in the rough-
ness cavities called the turbulent vortex hypothesis is presented.
The assumptions for this model are developed as follows. In the
fully rough region the so-called laminar boundary layer is com-~
pletely disrupted and the realm of sensible, molecular momentum
and heat transport i; relegated to a very thin layer at the surfaces
of the cavities formed by the roughness elements. The flow becomes
separated from the elements producing a drag due to surface pres- »
sure distribution which far exceeds the effects of shear in the local
cavity boundary layers. Roshko (Ref, 33) has confirmed this pic-
ture by direct measurements of the pressure distribution and shear
stresses inside of a two-dimensional, rectangular cutout on a flat
plate. Then, since the pressure distribution on the cavity walls
and hence the friction factor (CF) is dependent on the geometry of
the flow in the cavity and since CF is independent of Reynolds number
in the fully rough region, it is concluded that the time averaged flow
pattern in the cavities is independent of Reynolds number. Thus for
a given type of roughness, a particular pattern of standing vortices
are thought to exist between the roughness elements, and further,
this mean flow pattern is assumed to contain considerable turbulence.
Arguments are presented in Appendix VII to show that the principal
thermal resistance of the cavities is concentrated in the thin bound-~
ary layers formed on the cavity walls.
The complete prediction of the cavity Stanton number, and
hence of the 8F . R. {e*,Pr} function is dependent on a knowledge of
the boundary layer characteristics, viz., the dependence of heat

transfer coefficient on Prandtl and Reynolds numbers for boundary
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layers formed near the stagnation points on bodies immersed in
highly turbulent streams. Such information is not presently avail~
able. However, as shown in Appendix VII, reasonable guesses as
to the behavior of these boundary layers lead to predicted values of
8. R. {e*, Pr} which are of the same order~of-magnitude as the ob-
served values given in equation 129. This crude check is used as
evidence that the concepts of a turbulent vortex model may have
some validity. v

An intgresting feature of the g R. {e*,Pr} function is pre-
dicted by the turbulent vortex hypothesis if the additional assump-
tion is made that the Reynolds number and Prandtl number depen-
dence of the heat transfer coefficient for the cavity boundary layer
can be expressed by a power law. It follows from this assumption
that the dependence of gp.R, OB €* and Pr will remain the same
as the roughness type is changed. Thus in equation 129 it is pre-~
dicted that only the coefficient 5.19 will change in the g% . R. {e*, Pr}
functions for pipes with roughness type differing from that of the
present eicperiments. This extension of the present results to
other ty'pe’s of roughness by means of the turbulent vortex hypothe-
sis will be discussed in Section VII. Also a test of the validity of
this prediction will be discussed in Section VI in connection with
Nunner's heat transfer measurements on ring-type roughness ele-

ments.
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 B. Comparisons with Existing Theories

First, a theory by Nunner (Ref. 5) will be discussed. He
developed an analytical expression for heat transfer in rough pipes
derived from the results of his experiments with air flow in pipes
having eight different geometries of two-dimensional roughness ele-
ments (rings). He observed that a correlation existed between the
.friction factor ratio of rough-to-smooth pipe (CF /CFS) and the Nus-
selt number obtained at any given Reynolds number. This relation
approximated the results regardless of the actual pipe roughness
geometry. Nunner then imagined a schematic geometry to repre-

sent the effect of roughness on C_ and CH. In this scheme a row

F
of detached obstructions are thought of as existing at the outer edge
of the laminar sublayer that would exist if the tube were smooth.
These obstructions produce the form drag required to account for
the observed increase in the CF of the rough tube over that of the
smooth tube, but the obstructions benefit the heat transfer only

insofar as the turbulence level in the core flow is increased. The

resulting theory becomes,

CF/Z
C,, = (132)
o1+ 15 Re™® Pro/ Y Pr(CL/Cpg)-1]

Nunner measured, in addition to C., and C the velocity

H F’
and temperature profiles in his pipes, and he found that for the rough
pipes the radial temperature profile was flatter with respect to the
velocity profile than was the case for a smooth pipe under the same
operating ‘conditions. He noted that this same effect is produced by

increasing Prandtl number in smooth tubes. Equation 132 shows

that the effect of roughness appears in the CF/CFS term and that
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variations in this term have nearly the same effect on C., as changes

H
in Prandt]l number. Thus Nunner interpreted his temperature-velocity
profile measurements as suppbrting his theory. With regard to these
profile measurements, it is noted that the similarity arguments in
Sec‘tion II,which result in the establishment of the g{€*, Pr} function,
imply that the shape of the velocity and temperature profiles in the
central region, away from the immediate neighborhood of the wall,
should remain similar to' each other for all Prandtl numbers and rough-
ness ratios (compare equations 36 and 57). In order to show that this
implication is compatible with Nunner's observations, a temperature
prof_ile for a particular rougim tube was computed by an analysis (not
included herein) whereby it was assumed that the profiles of velocity
and temperature remain similar in the central region. Alsd, account
was taken for the fact that the separatea flow at the rough walls is
less effective in locally improving the heat transfer than in improving
the momentum transfer. The resulting temperature profile for rough
surfaces was normalized to the temperature difference between the
wall and the pipe center, as was done by Nunner. It was then found
that the temperature profile so computed continues to look very
nearly like that for a smooth tube even though the velocity profile
of the rough tube is considerably more peaked than fhat of the smooth
tube. This is just what Nunner observed. From this discussion, it
is pointed out that Nunner's profile measurements do not abrogate
any of the arguments leading to the use of the gi{€*, Pr} function.
Nunner's hypothesis (Eq. 132) expresséd in terms of the ''g'!

factor becomes
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(CF/ZCH)-l
,/CF72‘
1.5 [Pr(C./Cprc)-1]

= FoES . 8.48 (133)

,/CF/Z Re]‘/8 Pr1/6

The friction similarity law (Eq. 26) may be used to convert both CF

+ 8.48

g

and CFS in this equation to functions of €/D and €%, but even so, the
r‘ight side of equation 133 cannot be brought into a function of €* and
- Pr only. Thus Nunner's equation does not satisfy the similarity law
for heat transfer developed in Section II.

In Figure 37, the results of plotting Nunner’s equation (Eq.

132) in the g(Pr)_0'44

and €* coordinates with ES/D and Pr as param-
eters are shown. The hydraulic equivalent roughness ratios (€ s/D)
are used as a basis for all of the information presented in Figure

37, so that direct comparisons between the various theories and the
experimental data points are meaningful. The correct relationships
between the separate variables CF’ CH’ Re, Pr, and GS/D are ob~
tained if the coordinates of this figure are converted back through
the definitions of ''g'' and €* and through the friction similarity law
(Eq. 26) using Nikuradse's A{e*} function. For the fully rough
region all of the results of the present experiments are summarized
by the single heavy curve which is taken from Figure 36. Presum-
ably the Prandtl number dependence of the present results would
still be valid at a Pr value of 0.72, so that this same heavy curve

is assumed to also represent the extrapolation of the present re-
sults to that Prandtl number. Curve number 5 in Figure 37 shows
that Nunner's theory is inadequate for predicting the results of the

present experiments. This curve is computed for a Frandtl number
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of 5.94 and ES/D of 0.015 Whic}; are conditions met in some of the tube
C-9 tests. It is seen that the predictions are as much as a factor of
two away from the observed ''g'' factor. This corresponds to a slightly
smaller percentage discrepancy for 2 CH/C'F at these conditions. The
Nunnér prediction (not shown) for Pr = 1.20 is much closer to the ex~
perimental results, the discrepancy in ''g'' ranging from 10 to 15
percent fér the C-9 tube and from 10 to 25 percent for the A-4 tube.
The comparison of Nunner's theory with his own experimental results
is deferred to Section VI.

A comparison of the reasoning leading to Nunner's theory with
that of the turbulent vortex hypothesis (Cf. Appendix VII) shows that
the same ingredients are involved in each. Both theories use assump-
tions that flow separation produces a high drag which is independent
of .fluid viscosity and that a viscosity dependent boundary flow over a
locally smooth surface establishes the thermal resistance of the wall
region. The differences in the resulting theories stem from the dif-
ference in the methods by which the parameters for the boundary flow
are obtained.

Next an expression will be discussed which was suggested by
Martinelli (Ref. 34) and which has been used to correlate certain
experimental results. This expression comes directly from a rela-
tionship between CH and CF for smooth tubes. Martinelli de‘veloped
an expression for smooth pipe heat transfer using the same eddy
viscosity distribution in the wall layers as that used by von Karmaéin,
but he did not make von Kirméan's assumption fhat the mean velocity
and the mixed mean temperature are attained at the same radius.

The reSlelting form of Martinelli's equation is somewhat different

from von Karman's, but the computed values for CH are almost
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identical in the Prandtl number region from 0.7 to 10. In applications
of his theory, Martinelli also assumed that the eddy diffusivities of

heat and momentum were equal so that his smooth tube theory is

written
T ey }
(=) {Re, Pr
ZCH TW TL

= (134)
c
F  5(C_/Z[Prtin (1-5Pr)+21£n (C_7Z Re/60)]

where (TW-TC)/(TW-TL) is the ratio of the maximum temperature
difference to the wall~to~mixed fluid temperature difference. This

is given in tabulated form and varies from about 0.82 to 1.0 in the

Pr and Re range of interest here. Martinelli suggested that this equa-
tion, altered only by dropping the temperature term in the numerator,
could also be applied to rough tubes, the effect of the roughness being
expressed by the CF terms. By making use of the friction similarity
law (Eq. 26) in equation 134 and then putting equation 134 into the

form of the ''g'' factor, there is obtained

g{e*,Pr} = 5[ (Pr-1) + An(l+5Pr) + 17 fn %]
+ 8.71 - A{ex} (135)

Thus, in contrast to Nunner's theory, Martinelli's equation satisfies
the heat transfer similarity law, i.e. ''g'' is a function of €* and Pr
only. It is interesting to note that some €* dependence. still exists

in Martinelli's equation for fully rough conditions where A{e*} is
constant. Rearranging von Karman's equation for smooth tubes in
the same manner leads to an equation for ''g'" that is independent

of €% so that the induced rough tube function would be horizontal-line
extensions of the smooth-tube lines indicated at the left end of Figure

37.
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Martinelli's theory in the form of equation 135 is plotted as
curves number 7 and 6 in Figure 37 for Pr values of 0.72 and 5.94
respectively. Colebrook's (Ref. 27) form for the A {€*} function was
used for the 0.72 curve while Nikuradse!s (Ref. 10) form was used
for the 5.94 curve. For the fully rough region (€*> 70) both of these
A{e*} functions become the same constant (8.48). Also the differ-
ences in ''g'! values obtained by using the different A{€*} functions
in the transition region are small. It is seen in Figure 37 that Mar-
tinelli's equation is in disagreement with the results of the present
experiments by factors of 1.5 to 2.0, and the functional dependence
of ''g'" on both €* and Pr is different from the observed dependence.
Like Nunner's theory, the predictions are particularly poor for
large Prandtl number. Retaining the (TW-TC)/(TW-TL) term, which
Nunner's profile measurements showed to be nearly the same for
rough as for smooth pipes, failed to improve the applicability of the
Martinelli equation to the present experimental resulﬁs.

As a third comparison, the results of an analysis by Mattioli
(Ref. 35) will be considered. This analysis led to the following

theoretical expression which was expected to apply to the fully rough

region:
2Cyy .
(e )r.Rr. = n (136)
FoOOT 1+~/CF/2[Ar(e*Pr) -A]

where A is a constant between 7.9 and 8.06, and n and Ar are con-
stants to be determined by experiments. The restraint is suggested
that 1/2< n< 1. Equation 136 can be rewritten

gF.R.{E*,P?} = A_ (%, Pr)” + (8.48-4) (137)
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. which is seen to satisfy the heat transfer similarity rule. Since
the suggested value for A is close to 8.48, the last term in equa-~-
tion 137 is small compared to the value of 8F.R.’ and it can be

dropped,leaving a form,

gp g €%, Pr} = A (€%, Pr)” | (138)

This can be compared with the results of the present experiments,

gp g (€% Pr} =5.19 ¢x0-20 p 044 (129)

It is seen that the use of the unified Variabie (€*Pr) is not success-
ful. This can also be seen in terms of the original CH{Re, Pr,e/D}
functions by considering a given tube operating in the fully rough
(constant CF) region. For this situation, (e*Pr) is prdportional to
(RePr). Thus the Pr dependence in a chart for CH{Re;Pr} should
reduce to a single curve if CH{(Re)(Pr)} is plotted instead. That
this procedure fails for fhe present results is demonstrated by re~
ferring to the log-log plots of CH{Re;Pr} in Figure 16 and shifting
each of the curves along the abscissa by a factor equal to its respec-
tive, associated Prandtl number.

As a final comparison with existing theories, a theoretical
expression developed by Lancet (Ref. 36) will be discussed briefly.
Lancet treated the problem of heat transfer over rough surfaces at
fully rough conditions by starting from a highly schematic repre-
sentation of the flow between the roughness elements. He assumed
‘a region of purely laminar flow to exist at the Bo’ctom of the rough-
ness cavities, a fully turbulent flow at the tips of the roughness

elements, and a flow with varying amounts of eddy viscosity between
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the roughness tips and the laminar region. The eddy-viscosity is
supposed to decay with tube radius by a power law in the latter region.

The resulting theory has the form

Cur.r. = YCp/2 £ {exPr} (139)

with several unspecified parameters being allowed to influence the
function (fl). Some of these parameters are used to describe the
roughness shape; one parameter, the eddy-viscosity decay exponent,
is to be determined empirically; and one of the parameters still
appears to depend on the variables of the problem (¢* and Pr). In
applying this model to a correlation of experimental results for air
flow through a rough channel, Liancet made this latter parameter a
function of the produét (¢e*Pr) also, so that the theory then indeed
has the form shown in equation 139, As discussed in connection with
Mattioli's theory, the use of the combined variable (€*Pr) is not con-
sistent with the results of the present experiments.

From the preceding discussion of several of the préviously
existing theoretical models for rough tube heat transfer, it is secen
that none is sufficient to describe all aspects of the present experi-
mental results. The most conspicuous failing is in predicting the
Prandtl number dependence. This might have been expected since
all previous verifications of the theories were based on experiments
at one Prandtl number only. Hence,the Prandtl number dependence
predicted by these theories has remained untested up until the

present time.
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VI COMPARISONS WITH OTHER EXPERIMENTAL RESULTS
This section contains cofnparisons of the present experimen-
tal results for heat transfer from rough surfaces with the results of
other researches. Similar comparisons for the smooth tube were
presented separately in Section IV-B. The heat transfer similarity
group (g) will be used to compare the present results with the re-
sults of two other experimental investigations wherein the idealized‘
conditions of fully defreloped, isothefmal pipe flow were approached.
Much  of the literature on rough surface heat transfer reports
experiments in which these conditions are not met; however, sev-
eral of these investigations afford special interest and will be com-
'pared herein by means of relating the performance of each surface

to that of a smooth surface under the same operating conditions.

Experiments by W. Nunner:

Nunner's (Ref. 5) experiments were performed with air flow-
ing through rough tubes heated by condensing steam. and preceded
by an entrance section. An approximation to isothermal results
was obtained by evaluating the fluid properties at the ''film tem-
perature, '’ (TW—!-«TL)/Z. Rings were placed in the test pipe at regulaf
intervals to form the roughness. The geometry was varied by using
rings of different cross sectional forms and by varying the ring
spacing. These tubes displayed the fully rough friction character-
istic immediately upon transition from laminar to turbulent flow.
In two cases a rather sharp rise in the CF{Re}' curve was observed
"at the high Reynolds number eﬁd of the curve. This indicates, ac~
cording to the arguments of Appéndix VII, that a change in the pattern

of the separated flow around the roughness elements occurs as Re
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increases.
The points shown in Figure 37, which is a graph of the function

~0. 44 {e*,Pr}, are taken from the smoothed curves of Nunner's

g(Pr)
results. Only those Rejrnolds number regions where the friction fac-
tor was relatively independent of Reynolds number are presented here.
The equivalent sand-grain roughness ratio with the‘A constant equal
to 8.48 was used in computing''g't and €* for these results. Hence
the points representing Nunner's results may be compared directly
with the heavy line representing the present results. As mentioned
in Section V, this line for the fully rough region represents the present
results at all Prandtl numbers tested; hence, the same line indicates
the extrapolation to Prandtl number of 0.72.

Nunner's tubes B-20 and D-20 were both made with rings of
semicircular cross section and with spacing equal to 20 times the
ring thickness. However the D rings have twice the ring-thickness-
to-pipe-diameter ratio of the B rings. Thus these two tubes have
different €/D values, but their roughness geometi‘y is similar. Hence
the results from the B-20 and D-20 tubes are expected, by the heat
transfer similarity law (Eq. 54, Sec. II), to form a continuous curve
on this plot. Further, the deduction from the turbulent vortex hy-
pothesis discussed in Appendix VII indicates that the curves on the
g{e*} plot for roughness types other than that tested in the present
experiments should be parallel to the curve representing the present
results. The line drawn through Nunner's results in Figure 37 is
evidence that both of these expectations are‘ful.filled.

Nunner's tube A~20 is identical to B~20 in all respects except

that the A-20 rings have a square cross section. The D-5 and D-2
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tubes have rings with the sé,me cross section as tube D-20 but the
ring spacing is changed to a ratio of spacing~to-height of 5:1 for the
D-5 tube and to a close-pack for the D-2 tube. Remarkably, the re-
sults from these tubes fall nearly on the same line used to correlate
the results from the first tubes considered. The turbulent vortex
hypothesis would predict only that the curves for these different
roughness geometries should be parallel. The observed uniqueness
of the correlating curve is attributed to the use of a common rough~
ness scale based on the friction similarity law. If the ring-height-
to~pipe diameter ratio (0.043 for tubes B-20 and A-~20 and 0.086
for D-20, D-5 and D~2) were used for generating the €% abscissa,
the lines for the respective non~similar tubes would be shifted away
from each other in the horizontal direction. The magnitude of
this shift is indicated by comparing tubes D-5 and D-2 which have
the same ring-~height-to~pipe~diameter ratio but have hydraulic
equivalent sand~grain roughness ratios of 0.335 and 0.0555 respec~
tively. Thus the technique of assigning a hydraulic equivalent
roughness ratio to each pipe appears to lead to a very simple cor~-
relation of the g{€*} results for pipes having widely differing
roughness shapes. This must be regarded as an entirely empirical
observation at this point. The turbulent vortex model predicts this

result only for geometrically similar roughnessés having supposedly

geometrically similar vortex patterns between the roughness elements.

The comparison of Nunner's results for various two-dimen-~
sional types of roughness with the curve representing the results
of the present experiments with three~dimensional roughness indi~

cates that a larger coefficient in the equation
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0.44

g =K, (€%)0 20 (pr) (140)

f

must be incorporated for Nunner's results. This is true even though
the hydraulic equivalent roughness formulation was used for both
cases. Thus, for entirely different roughness forms, the empirical
relation discussed in the preceding pafagraph may not be valid.

The exponents of equation 140 were evaluated from the data
of the present experiments. It was then observed that Nunner's data
can be represented by means of the same exponent on €%, This fact
is in agreement with the prediction from the turbulent vortex hy-
pothesis that both exponents should be independent of roughness type.
The applicability of the exponent for Prandtl number could not be
checked by Nunner's experiments, but it is now conjectured that this
exponent is also given by equation 140. Then evaluating the Kf factor
in equation 140 by the line through Nunner's data in Figure 37, a
complete theory for the relation between CH and CF is obtained.

This theory, which should be applicable to pipes with a wide variety

of two-dimensional types of roughness, can be expressed by

Cr/2

C = : (141)
HF.R. 0.20 0.44
1+ {CF7_2‘[6.37(6*) (Pr) -8.48]
where
3.0 -1/./C /2
€*= Re /CF/Z‘ exp{ F } (142)

The exponential term in equation 142 is the hydraulic equivalent
roughness ratio (€ S/D) established by the friction similarity law for
fully rough conditions (Eq. 26).

A reproduction of Nunner's theory, discussed in Section V,

is also placed on Figure 37. The curve number 3 for Pr of 0.72 and
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ES/D of 0.133 corresponds to the conditions for his B-20 tube,while
curve number 4 for Pr of 0.72 and ES/D of 0.332 corresponds to
the conditions for his D-20 tube. Nunner's theoretical correlation
is fairly good for the B~20 tube at low €*, i.e. low Re, but the re-
sults from the D-20 tube are seen to deviate by as much as 16 percent
from the predicted curve. A given percentage deviation in ''g'' is
nearly equivalent to the percentage deviation in CH for the cases at
hand. A close examination of the correlating plot appearing in
Nunner's report (Ref. 5) shows this same discrepancy.

In a report by Kemeny and Cyphers (Ref. 37), a correlation
plot for Martinelli's theory and Nunner's data was presented in
which close agreement was shown. A plot of the Martinelli equation
for Pr of 0.72, line number 6 in Figure 37, shows that the equation
compares closely with Nunner's theory for the D-20 tube (line num-~
ber 4), but it deviates markedly from Nunner's data, particularly
at low €* values. The good agreement shown by Kemeny and Cy=-
phers does not bring out this discrepancy.

The present proposed equation for Nunner's data, expressed
in equation 141 and shown by curve number 2 in Figure 37, appears
to agree with the data at Pr of 0.72 much better than either Nunner's
or Martinelli's theory. Further, the turbulent vortex hypothesis wili
predict greatly different results than either Nunner's or Martinelli's
theory at higher Pr values. Thus a critical test of the relative
applicability of these theories could be provided by the results of |
experiments on two-dimensional types of rougimess at Prandtl num-

bers higher than 0.72.
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Experiments by J. W. Smith and N. Epstein:

Heat transfer measurements on several naturally rough pipes

with air through-flow were performed by Smith and Epstein (Ref. 9)
and by Nunner (Ref. 5). The techniques used by Smith and Epstein
were similar to those described for Nunner's work. The results

for Nunner's cast iron pipe and for Smith and Epstein's ''Karbate''
pipe and three sizes of galvanized pipe are displayed in Figure 37.
In all cases the data falls in the transition region. The shapes of
the CF {Re} curves (not included herein) are closely approximated
by the use of the hydraulic equivalent sand-grain roughness ratio,
together with the Colebrook (Ref. 27) function, in the friction simi-

larity law (Eq. 26). The Colebrook function can be written
A{e*} = 8.48 - 2.46 dn (1 +'3.3/€%) (143)

An extrapolation of the present D-3 tube results toa Prandtl number
of 0.72 is shown for comparison as line number l-c in Figure 37.
The results from the three galvanized pipes are seen to gen-
erate a nearly continuous curve in this plot implying that, in a sta-
‘tistical sense, geometrically similar roughness ciistribution exists
among these pipes. This would be expected if the surfaces were
created by the same manufacturing process in such a way that as
pipe diameter is changed the shape of the surface is fixed, again
in a statistical sense.
A meaningful comparison among pipes with differing types
of roughness is achieved by determining which. roughness type yields
the highest CH/CF performance at given Re and CF levels. This
method of comparison, which will be discussed at greater length

subsequently in this section, is used for the following discussion.
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In the transition region, the percentage variation in CH/CF
lies between 1.0 and 0.3 times the magnitude of the percentage varia~

tion in the !

'g'' factor; an increase in ''g'' corresponds to a decrease in
CH/CF. Thus, from Figure 37, it is estimated that the galvanized
pipes give on the order of 10 to 20 percent lower CH/CF performance
than the '"Karbate'' pipe. It is noted that fixing Re and CF for these
pipes which have the same A{e*} functions is equivalent to fixing €*
(Cf. Eqs. 25 and 26). By the same arguments, Nunner's cast iron
pipe appears to give only approximately 10 percent higher CH/CF per-
formance than the ''Karbate'' pipe. This latter difference may even
be within the combined uncertainty limits of the respective experi~
ments.

Comparisons of the present D-3 tube data with the data from
the random roughness pipes on the plot of Figure 37 are less straight~
forward. The D-3 tube, having a definite scale of roughness size,
has a different A {€*} function in the transition region. By using
the differing A{€*} functions with equations 25 and 26 of Section II,

it can be shown that, for comparisons at a fixed Re and C the ''g"!

F?
factor for the D-3 tube should be read at a lower €% value than that
of the random roughness tubes. Thus the predicted CH/CF perfor-
mance of the D~3 tube, in relation to the ra:ndom roughness pipes,
is somewhat better than is indicated from a comparison at fixed €%
in Figure 37. A separate calculation was made which indicates that
the CH/CF performance for the D-3 tube is from 10 to 30 percent

better than either the ''Karbate'' pipe or the cast iron pipe for oper-

ation in the transition region.
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The ''"Karbate'' pipe is described by Smith and Epstein as having
a pyramid-shaped roughness. This is probably not too different from
the surface expected in a cast iron pipe. The galvanized pipes would
be expected to have a relatively larger radius of curvature in the
roughness elements, i.e. less sharpness, than either the cast iron
or '"Karbate'' pipes. The experimental results for naturally rough
pipes show that at least in the transition region the technique of re-
lating the roughness to the friction equivalent of saﬁd grains does
not bring all results into a single g{e %} function. Thus each general
type of natural roughness should probably be treated separately. In
passing, it is noted that, for the particular case of the galvanized
pipe measurements, the Martinelli equation, represented in Figure
37 with the Colebrook-type friction factor relation, provides a good
correlation for these particular data taken at Prandtl number of 0.7.

This was previously noted by Smith and Epstein.

Introduction to the Comparisons Based on the Ratio of Heat Transfer

Coefficient to Friction Coefficient: .

The remaining comparisons of experimental results are pre-
sented in Figure 38. This figure displays some results from five
differ.ent investigations on rough surface heat transfer including, for
comparison, _those of Nunner and of the present experiments. The
coordinates in this figure show the relation between the CH/CF ratio
for the various rough surfaces and the same ratio for a smooth sur-
face. This is plotted against the effective increase in friction due
to roughness. The Reynolds number, Prandtl number and roughness
geometry must all appear as parameters on such a plot. In many of

the experiments, either no attempt was made to maintain fully
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developed, isothermal conditions, or a full description of the ex-
perimental conditions could not be obtained fror'n the respective
reports. Also, in some instances the results reported for the smooth
surfaces in the various investigations show anomalous characteris-
tics. It is felt that, under the above mentioned circumstances, re-
lating the rough surface results directly to those of the smooth
surface in the same experiments will tend to cancel out secondary
effects and allow a reasonable comparison with the present results.
In Figure 38, the value CFS in CF/CFS refers to the friction factor
for a smooth surface operating at the same Reynolds number as

the rough surface having the friction factor C_. Similarly, the

F
value CHS in CHS/CH refers to the smooth surface heat transfer
coefficient for the same Reynolds number and Prandtl number at
which the rough surface has the coefficient CH’ The increase in

CH for any rough surface with respect to CH can be obtained from

S
this plot by multiplying the ordinate of a given point by its abscissa.
The theoretical significance of the CH/CF value lies in a
deduction from the Reynolds analogy which states that this ratio
should be 0.5 for smooth surfaces at Prandtl number of 1.0, This
deduction derives from the expected similarity of the temperature
and velocity distributions for these conditions (Cf. Eq. 60, Sec. II).
For rough surfaces operating at Pr of 1.0, the velocity and tem-~
perature profiles external from the roughness element are still
expected to be similar, even in the transition region for which a ves-
tige of the laminar boundary layer external to 4the roughness still

remains. Inside of the roughness cavities, however, -any amount of

separation of the flow will produce a pressure drag such that the
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shea.f on the cavii:y surfaces will constitute only a part of the total wall
drag. The Reynolds analogy again suggests that the thermal conduc-
tance of the bounda-i'y layers in the cavities will depend directly on the
- shear stress and not on the pressure drag at the wall. Thus it is ex-

pected that the C._. value for the pipe will increase by a greater amount

F

than the CH value as wall roughness effects become finite. Hence,

for Prandtl number near 1.0, it is expected that (CH/CF)/(CHS/CFS)

will always be less than 1.0 as C.. is increased due to roughness. The

F
situation at higher Prandtl number with operation in the transition
region is somewhat different as was suggested in Section V. For this
case the radial temperature gradient in the residual laminar flow
near the wall is greater than the velocity gradient. This offers the
possibility that the added disturbances caused by a rough wall will
preferéntially improve the heat transfer over the momentum transfer
in the region external to the roughness. Under these circumstances,
the CH/CF ratio can be increased with respect to the corresponding
smooth tube ratio if the drag due to flow separation at the roughness
elements has not become too great.

The signifiéance of the CH/CF ratio for heat exchanger design
will be discussed in Section VIL.

In Figure 38, the curves (items 9, 10 and 11) from the present
experiments at a Pr value of 1.2 and the curves (items 3, 4 and 5)
for three of Nunner's tubes at a Pr value of 0.7, all with Re as the
auxiliary variable, show a general fall-off in the CH/CF performance
relative to that of smooth surfaces as friction increases due to rough-
ness. The curves 6, 7 and 8, repfesenting results at Prandtl number
of 6.0 for each of the rough tubes of thé present investigations, show

segments where (CH/CF)/(CHS/CFS) values are greater than 1.0.
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Wherever this occurs, the segments correspond to Re values in the
transition region. This result can be understood on the basis of the
preceding discussion. It is interesting to note, in this connection, that
Nunner's theory, given herein by equation 132, predicts that the ratio
(CH/CF)/(CHS/CFS) will decrease with increasing Prandtl number
for a given CF/CFS value. This is opposite to the results obtained
with the tubes of the present experiments as is clearly shown by

comparing the curves for Prandtl numbers of 6.0 and 1.2 in Figure

38.

Experiments of P. Fortesque and W. B, Hall:

Fortesque and Hall (Ref. 2) made measurements of heat trans~
fer to various gases (Pr = 0.7) in an annular passage with transverse
aluminum fins mounted on a heated inner core. These investigations,
which were carried out in support of the Calder Hall gas-cooled-
reactor design, used an electrically heated core to simulate the heat
load from a fissioning fuel element. The results were presented in
the form of CH/CHS and CF/CFS as functions of the fin geometries
employed. The heat transfer surface used in the definition of CH is
the cylinder generated by the tips of the fins, and the base velocity
used for the definition of CH is the volumetric discharge divided by
the cross~sectional area between the fin tips and the outer wall. The
CF definition is based on this same discharge velocity and on the
pressure gradient along the passage. The relating smooth surface
coefficients are defined on the basis of a similar annulus formed by

substituting a solid rod, of diameter equal to that of the fin tips, for

the finned surface. Item l in Figure 38 represents the geometry
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- having the highest relative CH/CF performance of those studied.
This geometry consists of a fin pitch of 3/16 inch with the fin-tip-
to-fin-root diameter ratio varying from 1.3 to 1.9. This tip-to-root
diameter ratio is the variable forming the trace for item 1 in Figure
38. There was evidence presented to indicate that the ''fin effect'!
was appreciable so that the performance of an isothermal finned
surface would be higher than that shown. Even without a correction
for the ''fin effect,'' the particularly good performance of the 3/16
inch=-pitch fin configuration with respect to the smooth surface would
appear to refute the theoretical considerations just presented.
That these considerations are not so refuted comes from the facf
that, with the annular configuration, the entire surface participating
in the friction is not involved in transferring heat. The following
discussion is presented to show, semi~quantitatively, how the heat
transfer coefficients in pipe flow and annular passage flow are re=
lated.

In discussing the Fortesque and Hall results, Sheriff (Ref.
38) showed that the ratio CFi/CFiS’ where subscript ''i"' refers to
the inner surface of the annulus, is considerably larger than the
(CF/CFS) used in the :Fortesque and Hall correlations. In doing this,
however, Sheriff made an assumption that tended to overestimate |

the computed CFi/C value. As a more nearly correct approach,

FiS
the following is proposed: From the preceding definition for CF

in annular passages and from a force balance on the surfaces de-

scribed,

Cp (dP/dx)(DO - D,) 7, D + 7, D

2

5 = 5 : (144)
4p um pu'm (D0+Di)

i
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where subscript ''i'' refers to the inner surface of the annulus or
the fin tips, and subscript ''o'' refers to the outer wall of the annu-~
lus. Corripéring a smooth annulus and a finned annulus with the same
discharge velocity (um), the same outer wall diameter (DO), and the
same inner wall (or fin tip) diameter (Di);" the following relation can

be derived

CF T, l:('ro/'ri)DO-i-Di :l (145)

i

Crs  Tis L7605/ Tis) Dot s

From here on, only that fin geometry which Fortesque and Hall
showed to give the best relative performance will be considered.
From measurements on Veloqity profiles in smooth annuli by Knud-
sen and Katz (Ref. 39, p. 186), it can be shown that ToS/TiS(iS nearly

1.0 for the diameter ratio of interest. KEquation 145 can thus be simpli-

fied and rearranged to give

Cpi  (Cp/Cpg)D ¥Dy)-(7 /7 D, |

' = (146)
Cpis D;
where C_.. is defined
Fi
Za'i
CFi = > (147)
Pum

Sheriff made the assumption that the shear stress on the outer surface
would be the same with and without fins on the inner surface. With
this assumption, equation 146 and the geometry being considered lead
directly to ' |

Cpi Cp
= = 1.87 z—
FiS FS

(148)

Knudsen (Ref. 39, p. 194) presents velocity profile measurements
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for finned-annuli configurations not too different from the one of in-
terest here. From these it can be deduced that To/ToS for the case
at hand should be approximately 2.5 rather than 1.0 as implied by
Sheriff. This is because, for a given bulk velocity, the increased
turbulent momentum exchange, established at the inner wall due to
the introduction of fins, forces the velocity profile to reach its max-
imum closer to the outer wall. The increased total shear force is
thus partially shared with the outer wall. Introducing a rro/'ros value
of 2.5 into equation 146 yields

Cri Cp
c

FisS FS

where (CF/CFS) is based on the pressure drop along the passage as
discussed previously.
Applying equation 149 to the peak value of (CH/CF )/(CHS/CFS)

equal to 1. 34 shown in Figure 38 and noting that in these experiments

C

H CI—Ii

one obtains for the finned inner surface of the annulus

/s 0.88; ri oz 5.0 (150)
- . 3 = .
Ciis/ Cris Cris

The ratio (CHi/CFi)/(CHiS/CFiS) for annuli should be nearly compar-
able to the corresponding quantity measured in pipes. It is seen by
equation 150 that, for the best configuration investigated by Fortesque

and Hall, the ratio conforms to the expectation that it should be less

" than1.0.

It is pointed out that, even if the rough estimates leading to

equation 150 are correct, the use of the mean discharge velocity (um)
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in defining the CFi and CHi does not quite satisfy the requirements
of a reference velocity for the inner surface. For a given w s the
shift in the velocity profile with the introduction of fins is influenced
by the location of the outer wall. Thus a correct reference velocity
for the inner surface should be some complicated function of the dis-
charge velocity and the width of the annular gap.

From the preceding discussion, it is seen that heat transfer
results sucil as those of Fortesque and Hall demonstrate great im-
provements in performance due to roughness for flow passdges with
inert surfaces. However, it is very difficult to use these in obtain~
ing momentum and heat transfer coefficients applicable to pipes and
to free boundary layers.

If it can be assumed that the point computed in equation 150
is representative of values attainable in pipes having rectangular
wells for roughness elements, it is seen by item 1! in Figure 38 that
this would offer considerable advantage over the other surface ge-
ometries compared at Prandtl numbers near 1.0. The fin-pitch-to-
depth ratios showing the good performances in annuii were between
0.5 and 1. 0. Velocity measurements and flow visualizations of
single cavities (Refs. 2; 33; 40; and 39, P- 195) indicate the pres-
ence of a single standing vortex for the square well and of double:,
oppositely-rotating vortices for the deeper one. Such simple cavity
flow configurations may thus be particularly effective in yielding

high CH/CF performance.

Experiments by R. Hastrup:

Hastrup (Ref. 31) carried out heat transfer measurements by

methods similar to those used in the present work. He also used
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water flowing at various temperatures to obtain the effects of vary=-
ing Prandtl number. His thin-walled tube was formed by hard-
knurling of the outside surface to produce pyramid shaped pockets
with slightly round‘ed edges as the inside heat transfer surface. The
CF{Re} curve obtained for this tube was nearly parallel to the smooth
curve throughout the range of Reynolds number tested (4}:104 to 5. 6x105).
This is characteristic of a ""wavy'' surface and indicates that com-
plete flow separation from the roughness elements does not occur.
The CH dependence on Reynolds number was also quite similar to
that of the smooth tube. Since the ratios CH/CHS and CF/CFS were
nearly constant with Re, each of the points (items 12 and 13) shown in |
Figure 38, for Pr of 1.2 and 6.0 respectively, represent most of the
range of Reynolds numbers tested.

The point at Pr of 1.2 coincides with the result for the D-3
tube of the present work; whereas, at Pr of 6.0, Hastrup's tube
shows 10 to 15 percent lower CH/CF ratio than the tubes of the pres~-
ent experiment. Thus the preferential improvement‘of C.. with re-

H

spect to Cp., occurring at high Pr in the transition region of a ''
p F g g

sharp''
roughness surface, is not in evidence for the '"wavy'' surface which |
does not display a transition.

Another interesting point in connection with Hastrup's tube

1t

is that, even for a ''wavy'' type roughness, the increases in CH and

CF due to roughness are not simply explained by the increased sur-
face area. For this tube the surface area was increased approximately

10 percent by roughening,while the CH and CF were observed to in-

crease by approximately 50 and 60 percent respectively.
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Experiments of G. Grass:

Grass (Ref. 3) carried out heat transfer measurements on three
small (0.3 inch diameter) aluminum tubes with water through~flow.
The tubes had respectively longitudinal grooves, cross grooves, and a
combination of these two cut into their inner surface. The cross-
groove roughness showed the highest CH/CF performance with respect
to a smooth tube which was also tested. The cross grooves were
about 0.001l6 inch deep with a pitch of approximately 0.05 inch. The
reported information on the test conditions is insufficient to determine
Whether or not an entrance section was provided or if the heat flux val-
ues were such that appreciable radial \}ariations in fluid properties
were avoided. Assuming, however that the conditions were similar
for the smooth and the rough tubes, the point, item 14 in Figure 38,
computed from Grass' report should allow a comparison with the pres-
ent results. The Prandtl modulus for the Grass experiments is
assumed to be approximately 6.0 although the bulk water temperature
was not reported. The high performance ratio, (CH/CF)/(CHS/CFS)
of 1.09, is similar to that obtained from the present results at this
Pr value for operation in the transition region. Although the informa-~
tion presented in Reference 3 does not permit direct computation of
C.., it can be shown from the information that is available that the

F

CF characteristic is increasing with Reynolds number near Re of
3.7x 104. This is the Re value used in Figure 38; hence, it is prob~
able that the observed high performance was attained in the transition

region.

Experiments of E.C.Brouillette, T. R. Mifflin, and J. E. Myers:

Brouillette, Mifflin, and Myers (Ref. 4l1) produced roughness



-168-
elements by cutting circumferential, 60-degree ''V'' grooves into
the internal surface of one-inch~diameter copper pipes. A small
flash was formed on either side of each groove creating two ''fins'’
for each groove. Heat supplied by condensing steam on the outer
surface of the tubes was conducted to a water through~flow. The
temperature difference between the inside tube surface and the con-
densing steam was deduced by an extrapolation technique using
various water flow rates and an assumed dependence of the heat
tr‘ansfer film conductance on flow rate. Since this dependence was
the object of the investigation, an iteration was required to improve
the accuracy of the final results. A smooth tube entrance section
was used whichv means that a readjustment of the radial velocity dis-
tribution occurred in the rough test section. Thus some entrance
effects are included in the reported heat transfer coefficients. The
rough test section was 24 diameters long. The results are also as-
sumed to be influenced by radial fluid property variations since no
mention is made of corrections for this effect. "

The friction coeifficients obtained by these observers for
their ''plain'' copper tube was nearly independent of Reynolds num-
ber and was from 40 to 100 percent higher than the results for
smooth tubes obtained in the present work as well as in the experi-
ments by Nikuradse and others. The heat transfer coefficient for
the ''plain'' tube was shown to be not too different from the equa-

tion of Dittus and Boelter,

-0.2 -0.6

C,, = 0.023 (Re)

- (Px)

which in turn was shown by Allen and by the present work to under-

estimate the CH for water flow by 10 to 15 percent (Cf. Fig. 24).
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In accordance with the method adopted for the presentations in Fig~
ure 38, the smooth surface results from Reference 4l are used in
forming the Cf‘/CFS and CH/CHS ratios even though these results
appear to bhe anomal;aus.

Three of the five grooved tubes tested had nearly the same
pitch-to~depth ratio for the grooves (approximately 2.5). Results.
from these three tubes are presented as item 15 in Figure 38. The
ratio of the roughness height (distance from the bottom of the groove
to the lip on either side) to the pipe diameter was 0.017, 0.027 and
0.050 for the respective tubes. The Reynolds number selected for
presentation in Figure 38 was 105; however, since the observed
Cy {Re} and Cp {Re} curves were nearly parallel to the respective
'"'plain'' pipe curves when drawn on log-log plots, the values shown
are nearly independent of Reynolds number. The Prandtl number
is assumed to be approxinmately 6. O. although bulk temperatu‘re of
the water was not repgrted. The CH/CF perfiormance with respect
to the smooth surface for these tubes is seen in Figure 38 to be
from 20 to 40 percent lower than the results obtained with the tubes
used in the present work and those of Hastrup and of Grass. Some
of this difference is explained by the fact that the highest performance
from the.present results was attained in the transition region; where-
as the results presented in Reference 41 were from the fully rough

region.

Experiments by E. W. Sams:

Sams (Ref. 42) experimented with air flowing through 1/2-

inch~diameter Inconel tubes which were heated by the passage of
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electrical current through the tube walls. The heated test section
was 48 diameters long and was preceded by a 12 diameter smooth
entrance section. It was found that evaluation of the air properties
at the wall surface temperature provided good agreement among
the data at differing wall~to~fluid temperature ratios. This implies
that the data presented in this way will yield the- equivalent isothermal
results. The rough surfaces were produced by machining square
threads into the inside surface of the test pipes. Tube A had an
element-height-to~-tube~diameter ratio (h/D) of 0. 0125 with the
thread width and space both being 0.725 times the height. Tube B
had an h/D ratio of 0.0185 with a thread~-width-to-height ratio of
0.896 and a space-to-height ratio of 1.05. Tube C had an h/D ratio
of 0.008 with thread width and space both 1.12 times the height.

As can be seen from the thread shape ratios, the roughness
elements of tubes C and B were not far from being geometrically
similar. However the resulting CF{Re} curves showed that the
requirements of the friction similarity law were not met. This

law can be written (Cf. Eq. 26, Sec. II) for the fully rough condi-

tions as
—_— .
&1 eXP{JZ/CFz - \2/Cg, 151}
Ez 2.5

where the subscripts 1 and 2 refer to two different pipes with dif-
fering roughness height but with geometrically similar roughness
shapes. Using the measured Cf values for tubes B and C in equa-
tion 151 gives 61/62 = 6, 3; Whereg.s the measured ratio of the element
heights between the B and C tubes was 2.3. This apparent failure

of the friction similarity law might have been due to small imper-

fections in the very fine roughness of the C tube. The C tube



-171-
gave only approximately 50 percent rise in CF over that of the smooth
tube at the highest Reynolds number tested (approximately 1.5 x 105),

and practically no increase in C_. was observed. The B and A tubes

H
gave nearly the same fully rough friction factor with the tube A value
being higher by approximately 12 percent. However, in the transition
region defined'by\ the eqliivalent sand~-grain behavior, the CF {Re}
function for the A tube decreased with decreasing Re while the B
tube showed a rise such that the characteristics crossed. The CH
behavior of these two tubes was nearly identical within the resolution
of the experiments.

The (CH/CF)/(CHS/CFS) ratio for tube A, operated at Re
values between 0.5 and 1.0 x 105, is shown as item 2 in Figure 38.
The (CH/CF)/(CHS/CFS) values are seen to lie very close to those
of Nunner's tube D~2 which contained the close-packed semicircular
rings. Also, if the results of tube C-9 from the present experiments
(item 10 in Fig. 38) are extrapolated from Prandtl number of 1.2
to 0.7, the shifted curve falls close to the results of Sams and of
Nunner.

If the smoothed data* for the fully rough region from Sams'
tubes A and B are processed like the other data presented in the

0. 44{6 *} plot of Figure 37, the points fall between the data

g(Pr)”
from Nunner's experiments and the curve representing the present
results. The slope generated by Sams' data in these coordinates

is in the neighborhood of 0.10 to 0.15 which is in fair agreement with

*An adjustment was made in equation 10 of Reference 42, Changing
the coefficient from 0.0070 to 0.0065 makes the equation more con-
sistent with equation 1l and the results shown in Figure 6b, also of
Reference 42.
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the slope of 0.2 observed for Nunner's results and the results of
the present experiments. The limited extension of the threaded
tube data into the fully rough region, however, makes this only a
weak confirmation of the hypothesis that these slopes should re-

main independent of the roughness configuration.

Summarizing Remarks:

Several general observations can be made with reference
to the results of the various investigations on rough surface heat
transfer which have been compared in this section. 1) The pre-
viously existing theories for rough surface heat transfer are in~
adequate to predict the CH response to all of the pertinent parame~
ters. 2) The use of the g{€*, Pr} plot correlates results from
geometrically similar roughness patterns. 3) In the case of the
two~dimensional roughnesses investigated by Nunner, associating
a friction-equivalent roughness height with each pipe proviaed a
correlation for non~similar roughness patterns. 4) This latter
technique was unsuccessful in the case of natural roughness in the
transition region. 5) Most observers record significant increases
in CH by the use of roughened surfaces. 6) These CH increases
are usually accompanied by even greater increases in CF' Thus,
as CF/CFS is increased by either changes in Reynolds number or
changes in roughness geometry, (CH/CHS)/(CF/CFS) decreases.
7) An exception to this general fendency occurs for Pr greater than
1.0 in the transition region. Under these conditions the smooth
pipe‘ CH/CF performance can be matched or even slightly exceeded

for CF/C ratios as high as 2.7. 8) There are indications that,

FS
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with fixed values of CF’ Re and Pr#*, CH may still be cfxanged by
altering roughness shape. The results from measurements in
annular passages reported by Fortesque and Hall, although not
directly comparable to pipe flow results, suggest that close-~-packed,
two-dimensional, rectangular wells may offer significant CH/CF
performance advantages over other roughness shapes. However,
the results of Sams' experiments appear not to support this sug=
gestion. 9) In general the results obtained in the present work
with a close-packed, granular, roughness shape show CH/CF
performance as good or better than the other types of roughness

compared in Figures 37 and 38.

and C....

*Note that fixing Re and Pr also fixes CFS HS



~174~
VII APPLICATIONS OF RESULTS

A knowledge of the relationships among the basic parameters
influencing heat transfer in rough tubes is a prerequisite to arriving
at optimum designs for heat exchangers employing such tubes as
elements. A limited range of the independent parameters affecting
the heat transfer coefficients in long straight pipes with a close-
packed, granular type of roughness are experimentally investigated
in this thesis. The pertinent independent Variables are completely
represented b‘y the dimensionless groups, Re, Pr and ES/D.

By means of the similarity rule for heat transfer in rough
tubes it is possible to consolidate this information into a function of
only two variables, g{e*,Pr}, as was shown in Figure 33. Then
by analyzing the *'g'' function it is possible to regenerate the re-
quired design charts of CI—I Re; E‘S/D;Pr} which may now cover a
much wider range of the parameters than was provided by the origi~
nal data. This has been done in Figures 34 and 35 for Pr values of
1.20 and 5.94 rvespectively. The es/D ratios selected for presenta~
tion correspond to those of the tubes tested in the experiments;
however, cur%res for any eS/D values can be generated just as easily.
Hence the complete Reynolds number~roughness ratio field could
be described. This procedure clearly involves more than a graph~
ical extrapolation of the experimentally obtained curves since each
point in Figures 34 and 35 is based on experimental data as presented
in terms of the variables of the heat transfer similarity law. The
complicated form of the curves shown would indeed have been diffi-

cult to generate purely analytically from the original data curves
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in Figures 12 through 16. For Reynolds numbers in the fully rough
region shown to the right of the dashed lines (€*% 70) in Figures 34
and 35, the curves for constant ES/D are closely represented by
the formulas presented in équations 130 and 131 of Section IV-F.

Because of the simple dependence of the ''g'' function on €%
and Pr depicted in the {g(Pr)~O°44} plots of Figure 36, it is assumed
that the observed €% and Pr dependence can also be extrapolated
somewhat beyond the present data limits in order to cover, say,
Prandtl numbers from 0.7 to 10 and €* values out to 5000. Such
extrapolations would seem to offer the best source of design infor-
mation for the extended regions, assuming that additional experi~-
mental information is unavailable. |

The information obtained in the present experiments should
strictly apply only to the particular close-packed, granular rough=~
ness type which was studied. It is assumed however that, in the
absence of more directly épplicable experimental data, the g{e*;Pr}
functions from presént i'esults could be applied to other close~
packed, three-dimensional roughness types if the hydraulic equiva~
lent sand-grain scale is used to define the roughness. As seen in
Figure 37, the g{€*;Pr} curve from the present work closely
matches the data for certain naturally rough surfaces operated in
the transition region, but for other types of natural roughness the
agreement is poor. Charts for Cy {Re,eS/D} can be generated di-
rectly from the results shown for the naturally rough pipes, but
the Prandtl number dependence for such surfaces should be a sub~
ject for more experimentation. Results obtained by Nunner for

various two-dimensional (ring type) roughness patterns are well
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represented in Figure 37 by a single line. This is expressed in
equation 14l in Section VI and is recommended for use with this gen-
eral fype of roughness for operation in the fully rough regime.

Having available the felationships among the basic parame-
ters affecting heat transfer in rough tubes, it is of interest to in~
vestigate those combinations of the parameters for which rough
surfaces can be employed most advantageously. This must,in gen~
eral,be defined in terms of the restraints of a particular applica-
tion; however as will be shown by an example given in this section,
high values of the ratio CH/CF are almost always desirable. In
this connection, an interesting characteristic, which is likely to
be common to all roughness types, is evident from the extension
of the present results shown in Figure 35.

In this figure it is seen that as Reyndds number increases
far into the fully rough regime, CH becomes nearly independent of
€ S/D. An analysis of the generating formulas for these curves
reveals that, for very large Reynolds numbers, a region of opera~-
tion can be found wherein the CH will actually decrease slightly
with increasing ES/D for fixed Re and Pr values.

A plausibility argument for this behavior ié presented as
follows: The defining equation for ''g'', for the fully rough region,

can be rearranged to give

Cp/2Cy = (1-8.48/(C./2) +JCF/2‘ gp g, €% Pr} (152)

As (—:S/D increases for fixed Re [ Cp /2 and €* and thus ''g'' all in~.
crease monotonically. For very large ES/D, the last term on the

right hand side of equation 152 becomes large compared to the
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terms in parenthesis so that,

CH=‘/CF7Z\/gF.R. , eS/D—»oo (153)

Following the discussion in Section II leading to equation 56, this can

be written

Cy = ,/CF/z‘ 8.48 C.;_{8.48 e€%; Pr}, €/D—w (154)

where CHC is the cavity Stanton number discussed in connection with
the turbulent vortex hypothesis (Cf. Appendix VII), and 8.48¢€%* is
the pertinent cavity Reynolds number. Using this hypothesis with

Prandtl number fixed and evaluating the exponent for €% from the

present experimental results, there is obtained

Gy = Ky (%)

He (155)

The K's in this discussion are constants. Using the definition

€* = Re ‘/CF/Z es/D

equation 155 can be written for fixed Re and Pr as

-0.2 -0.1
Ch. = K, (ES/D) (C

- (156)

7

Then substituting equation 156 into equation 154 one obtains

0.4
(C.)
C.. = K F

N S— € /D— o (157)
H 3 0.2 ' s
(€ /D)

From an analysis of the CFF R {ES/D} relation given by the friction
similarity law (Eq. 26, Sec. II), it can be shown that (CF)O' 4{(ES/D}
in equation 157 has a weaker dependence on ES/D than has (€ s/D)O' 2

for the region of interest in this discussion. Thus Cy; will decrease.
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‘with increasing ES/D as ES/D becomes large.

The physicé.l meaning of this result is that the Stanton number
of a fully rough pipe flow is determined by the Stanton number of the
cavity boundary layers (CHC)' The pertinent Reynoids number for
these boundary layers (Rec) is proportional to GS/D, and the results
of the present experiments were interpreted to mean that the CHC{ReC}
function decreases with an increase of its argument. Thus under
certain operating conditions, the cavity boundary layer effect becomes
strong enough, with respect to other factors influencing the pipe
Stanton number, to make C,; decrease with increasing € _/D.

This ''folding~over!' of the curves in the CH{Re;es/D} plots
for this type of roughness ¢stablishes a maximum for the CH increase
which is attainable by surface roughening. This appears from Fig-
ures 34 and 35 to be on the order of a factor of 2.5 times the CH for
a smooth tube. This maximum improvement factor depends to some
extent on Reynolds number and Prandtl number conditions. It can
be shown analytically that for eS/D higher than about 0.1 the CI—I again
starts to slowly increase with € s/D at large €%*; however, for these
cases the roughness height is getting to be such a large portion of the
tube radius that the analytical extension of the present results may
no longer apply.

The fact that the heat transfer coefficient becomes insensitive
to increases in roughness as the roughness ratio becomes large has
an important bearing on the dégree of roughening that can be used
effectively for heat exchanger surfaces. The friction factor will con-

tinue to increase markedly with roughness ratio even as the maximum
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CH is being approached. Hence the greatest CH/CF performance for
a rough tube with respect to a smooth tube will be obtained if the rough-
ness ratio for a given Reynolds number is chosen so that the tube will
be operating near the high Reynolds number end of the transition region.
This can be seen by again referring to the CH {Re;ES/D} curves of
Figures 34 and 35. If roughness ratio is selected td be larger than
the one described by the above criterion, the improvement in CH will
be small in comparison to the increase in CF since the maximum CH
condition is being approached.

The discussion presented thus far in this section has concerned
the relationships among the various dimensionless groups pertinent
to heat transfer in rough tubes. These relations provide the basic
information needed for heat exchanger designs; however, only quali-
tative statements concerning the optimum design can be made in terms
of the dimensionless groups. A description of an optimum heat ex-
changer design must refer to the interactions with other parts of a
system in terms of the components of the dimensionless groups.
The decision of whether or not to employ roughened surfaces for
specific heat exchanger designs will depend on the considerations
such as installation and operating cost, space and weight limitations,
iauméing power availability, and temperature limitations of materials.
Sheriff (Ref. 38) has considered several sets of design restraints
for tube-type heat exchangers under which rough surfaces may be
used advantageously. The general problem is to transfer heat (Q)
with a small temperature difference (AT), a low amount of pumping

power (W) and often with small volume or low weight per heat ex-

changer element.
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As an example, the conditions which could occur in a hypotheti~
cal heat exchanger design are considered. The coolant, the heat flux
and the geometry, in particular the length and diameter of the cooling
tube, are é,ssumed to be established., The mean temperature drop
between the wall and the coolant is assumed fixed. The flow rate how-
ever is allowed to vary and thus the temperature rise of the coolant
is also variable. It is desired then to minimize the coolant pumping-
power requirement by the selection of the optimum flow rate and rough-
ness combination. Applying these conditions and using the definitions

of CF and CH’ it is readily shown that

3
W =K CF {um}/[CH{um}]

where K1 is a dimensional constant containing various fixed parame-~
ters in the problem and u is the discharge velocity of the tube.

An auxiliary condition also appears,
Ym KZ/CH {um}

with K2 as another dimensional constant. The comparison of a rough
(R) and smooth (S) surface can then be written

Vg (Cys/Cpg)lupg) [ Crs {ims) :|
Ws  (Cur/CprNipRr) L Curivmr?

2

with the auxiliary condition

YmR _ CHS{U’mS}

Uns  CHRVmRS

In general the solution for WR/WS must be treated graphically using
the experimentally determined CH {Re;e€ S/D} and CF{Re;GS/D} func -
tions. For purposes of this simple illustration, a conservative as-

sumption, in terms of the predicted power savings for rough surfaces,
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is that the different CH and CF terms are evaluated at the same u s
i.e. at the same Reynolds number. From Figures 34 and 35 it is
seen that a roﬁgh tube may be selected for any Reynolds number

that will give

C =22.0

ar/ CHs

Then from Figure 38 it can be ascertained that, for CHR/CHS equal
to 2.0, CFR/CFS would be on the order of 3.0, assuming for this
illustration that a gas with Prandtl number of 0.7 is the coolant.

Thus a reasonable selection of roughness scale would yield

Chs/ Crs

C

z 3
ur’/ “Fs 2

;

Then the power ratio becomes

=

R 31
- :;.2__.2_3.0.375

S 2

This illustrates that a considerable reduction in power consumption
can be afforded by the use of rough surfaces for the particular case
analyzed. It should be emphasized again, however, that the possible
power reduction depends on the constraints of the design, and the
usefulness of the application of rough surfaces can only be judged by
considering the entire system.

Despite the fact that advantageous use of rough surfaces can
be demonstrated even when (CH/CF) falls below the smobth surface
value, the best heat exchanger performance is always obtained when

CH/CF is the maximum attainable for a given increase in CH'
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Consequently, the selection of an optimum roughness ratio for a
-given operating condition is necessary in order to realize the full
advantages of rough surfaces. It may be appropriate to emphasize
here that in view of the above discussion it is seen that rough sur-
faces can be more efficient than smooth surfaces for heat ex-
changers. This fact has not always been recognized by experi-
menters, and it does, of course, depend on the basis of comparison.

Several methods, other than surface roughening, have been
investigated for inducing secondary flow and thereby for increasing
heat transfer coefficients (Cf. Refs. 6, 7 and 43). Gambill, Bundy
and Wausbrough (Ref. 6) studied the use of twisted tapes for in-
ducing a swirl component to the flow. These tapes which have a
width equal to the pipe diameter were extended through the full
length of the pipes. For tubes having certain ratios of tape-pitch-
to-pipe ~diameter, they observed (CH/CF) values that exceeded
computed values for smooth tubes with axial flow. This condition
occurred for water flowing at 86°F with pipe Reynolds numbers in
the range of 2 x lO4 to 3 x 105. This observation is weakened but
not nullified by the fact that the smooth pipe law assumed for their

comparison was
-2/3
Chg = (Cpg/2) (Pr) /

This gives CI—IS values from 20 to 30 percent too low for the condi-
tions presented.

The CF values observed for the twisted tapes were indepen-
dent of Reynolds number. This fact was attributed, by the authors,

to a slight roughness of the pipe surface. It is interesting to note
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that, in two cases considered, the rough tubes from the present
experiments, with roughness ratio selected to produce the same
Crp. R, vield nearly the same (CH/CF) performance as that at-
tained with swirl flow. This suggests that these two methods

offer competitive means for improving heat exchanger efficiency.
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VIII SUMMARY

A process has been developed for producing tubes with rough
surfaces from electroplated nickel. A wide variety of roughness
forms can be reproduced by this method and the resulting tubes have
thin, uniform walls suitable for use in heat transfer experiments.
Four such tubes were built; one has a smooth surface and three others
have varying degrees of a close-packed, granular type of roughness
formed as the casts of mandrels coated with closely graded sand.

Heat transfer and pressure drop measurements were obtained
with water flowing at various bulk temperatures through the tubes
which \&ere heated by the passage of electric current through the
tube walls. A range of Reynolds numbers from 1.5 x 104 to 5 x 105
and Prandtl numbers from 1.2 to 6.0 were investigated with each
tube. The idealized conditions of fully established, isothermal
flow were approximated respectively by the use of lohg entrance
sections of the surface structure under test and by an extrapolation
of the data from three different heat flux values.

The estimated confidence limits for the reproduceability of
the heat transfer measurements ranged from plus or minus 4 percent
to plus or minus 7 percent for all tubes except the smoothest of the
rough tubes for which the limits are set as high as plus or minus 17.5
percent. The latter tube, containing roughness elements with
heights of approximately 0. 00l inch, evidenced small circumfer~
ential variations in roughness.

The smooth tube heat transfer and frictién results were
found to confirm the predictions from the theories of Rannie and of

von K&rman and to agree with the experimental measurements of
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 Eagle and Ferguson and of Allen.
Although the roughness elements in the three rough tubes
are not thought to be exactly geometrically similar, it was found
that the Cp, {Re} dependence for each tube follows closely to that
observed by Nikuradse. for geometrically similar, sand-grain sur-
faces. In particular, the tube with smallest roughness ratio ex~
hibited smooth, transition, and fully rough Reynolds number regions.
A similarity rule for heat transfer in rough pipes with ge~
ometrically similar roughness elements has been proposed. By
this rule the general problem of determining the four-variable
dependence of CH’ Re, Pr, and €/D is reduced to a three-variable
system. This is analogous to a related development by von Kdrméan
F Re and € /D) rela-

tionship for friction in rough pipes was reduced to a two-variable

and Nikuradse by which the three-variable (C

system. The results of the present work as well as those from
other experiments were shown to support the heat transfer simi-
larity rule. In establishing this support, the roughness ratios for
each tube were evaluated in such a way that conformity with the
requirements of the friction similarity rule was assured. By means
of the heat transfer similarity rule it is possible to expand the ex~
perimental results for a given roughness type to provide a descrip-
tion of the CI—I {Re, Pr, €/D} dependence over wider ranges of Re
and €/D than were contained in the ofiginal data.

A simple analytical form was found which (-:losely describes
the complete CH {Re, Pr, €/D} dependence of tiqe present results
for the fully rough regime. A hypothesis was proposed which ex-

plains this analytical form in terms of the characteristics of thin
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boundary layers formed in the cavities of the roughness elements.
A prediction from the hypothesis states that this analytical form
should be the same for surfaces with other roughness shapes
and that it should be necessary to change only one empirical con-
stant to account for each particular roughness type. This predic-
tion was fulfilled by Nunner's results for heat transfer in tubes
having rings inserted as roughness elements.

Increases in heat transfer coefficient of up to 2.7 times
the smooth tube value were observed for the rough tubes of the
present experiments. The CH‘ increase is in general accompanied
by a larger increase in CF; however, for Pr values from 4 to 6
and for operation in the transition region, the CH/CF performance
of the rough tubes slightly exceeds the smooth tube performance.
Extensions of the present results by means of the similarity rule
indicate that a limit exists beyond which increases in roughness
will continue to raise the friction coefficient but will cease to im~
prove the heat transfer coefficient.

The Reynolds number region near the juncture of the transi-
tion and fully rough regimes was shown to yield the highest CH/CF
performance for a given roughness ratio. Also the highest values
of the heat transfer coefficient for rough tubes with respect to
smooth tubes were obtained in this region.

In general, greater improvements in heat transfer coeffi-
cient due to roughness were observed at higher Prandtl numbers.

The granular surfaces studied in the present work were
shown to provide CH/CF performance as high or higher than that

of the other roughness patterns compared. Hence,the present
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results should be representative of the advantages to be gained by
artificially roughening heat e;;changer surfaces. A simple example
of a case where the use of \a ro.u_ghened surface would offer consid-
erable advantages over smooth surfaces was presented. It was also
indicated that, if care is used in selecting a roughness ratio, rough~
ened surfaces should offer strong competition to other means, such
as the introduction of swirl generators, for efficiently increasing

heat transfer coefficients in tubes.
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SYMBOLS AND ABBREVIATIONS

A Friction similarity function, defined by equation 26

B Empirical constant from equations 9 and 10

BX Dimensionless parameter, defined by equation 76

CF Friction coefficient for tubes, defined in equation 20

CH Hea',t tra;qsfer cqefﬁcient (Stanton number) for tubes,
defined in equation 29

CHc Roughness~cavity Stanton number, defined by equation 51

cp Specific heat at constant pressure

D : Tube inside diameter, defined for rough tubes by equation 69

e Thermoelectric power, e =dE/4T

E Thermocouple e.m.f. with water~ice temperature as
reference

ETS Potential-drop in the test section

f General function

F Function, defined by equation 48
Heat transfer similarity function, defined by equation 54

h Heat transfer film conductance, h= qo/(TW-TL)

I Current
Thermal conductivity

K Dimensional discharge coefiicient for the metering venturi,
defined in Figure 11
Length of the heated test section

R Length of the rough tube between the test section pressure

taps

Pr Prandtl number, Pr = cpp./k

qo ' Mean heat flux normal to the tube wall
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r Radius coordinate

Tube radius,‘_ R=D/2

Re Electrical resistance of the tube

Re Reynolds number for tubes, defined in equation 24

ReC Roughness cavity Reynolds number, defined by equation 50

t Tube Wall thickness, defined for rough tubes by equation 70

T Temperature

Tabs Temperature on an absolute scale

TL Mixed-mean fluid temperature, defined by equation 30

Tw Tube wall temperature

u : Mean axial velocity, a function of ''y'' only

w Tube discharge velocity, defined in equation 18

u_ Friction velocity, defined in equation 12

W Mass flow rate

WP Tube heating power, measured electrically at probes
on the test tube

WTS Tube heating power, measured electrically at the test
section electrodes ‘

WTSC Tube heating power, measured calorimetrically

x Axial distance coordinate, originates at the start of heating

y Distance from the wall coordinate

y Dimensionless distance from the wall, defined in equation 12

Greek letters:

g Constant, defined by equation 19
6_E Isothermal difference in e.m.f. between the thermocouples
x 11 .
: at locations x and 11
AXE11 Difference in e.m.f. between the thermocouples at locations

x and 11



x 1T

AP
v
APT S

AT
c
AT

AT
W

AXTll

AV

Subscripts:
av
CL

F.R,
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The term AxEll compensated for effects not due to electrical
heating (Cf.”App. IV-A)

Pressure-drop in the metering venturi
Pressure-drop in the test section

Temperature~-rise of the fluid passing through the test

section, AT =T, . ~T
c 11" "o

Temperature difference between the wall and the local
mixed=mean fluid, ATfETW-TL

Temperature~drop across the tube wall

Difference in temperature of the mixed-mean fluid at
locations x and 11

Incremental volume of a section of the tube

Roughness height

Turbulent diffusion coefficient for momentum transfer
Turbulent diffusion coefficient for heat transfer

Sand-grain roughness height for equivalent friction
coefficient at fully rough conditions

Dimensionless roughness height, defined by equation 13
Dimensionless parameter, defined by equation 100
Absolute viscosity

Kinematic viscosity

Density

Electrical resistivity

Mean shear stress, a function of ''y'' only

Mean shear stress at the tube wall

Longitudinal average
Tube center line

Fully rough
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g Average value on that surface described by the tips of
the roughness elements

S Smooth

x Refers to any of the thermocouple locations: inlet fluid,
x = 0; first longitudinal station on the tube wall, x = 1, 2
or 3; second station, x = 4, 5 or 6; third station, x = 7,
8 or 9; and outlet fluid, x = 11 :

Abbreviations:

amp Amperes

AC Alternating current

DC Direct current

e.m.f. Electromotive force

gpm Gallons per minute

HP | Horse power

kva Kilovelt-amperes

mv Millivolts

psia Pounds per square inch absoclute

psid Pounds per square inch differential

psig Pounds per square inch gage

r,m.s. Root mean square

v Volts

pv Microvolts

%8 An operator read, ''percentage variation''

{}

Braces are used exclusively as a functional form, e.g.,
f{Re;Pr} is read, ''the variable f, a function of Re with
Pr as a parameter."
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TABLE 2

Confidence Limits* for Experimental Heat Transfer Coefficients

Tube Ty, W % 6CH % SCH**

(OF) (1b/sec) (Reading error
: only)

E-3 80 - 0.35 +1.4 fg:f
80 1.75 +4.4 0
290 0.35 4.2 0
290 1.75 +1,3 fg:g

D-3 80 0.20 t1.1 fg:i
80 1.75 t1.2 R
290 0.20 t4.2 tg:g
290 1.75 t1.4 s

c-9 80 0.35 +1.2 re.2
80 1.75 1.2 tg:g
290 0.35 t1.2 et
290 1.75 +4.3 .

A-4 80 0.20 t12 e
80 1.75 ) e
290 0.20 ¥1.2 | f?:g
290 1.75 t1.4 ol

*Confidence coefficient equals approximately 95 percent.

**%Refer to expression 119 of the text for an interpretation of %SCH.
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TABLE 3-a

Isothermal Friction Factor Results

Tube E-3 ' Tube D-3
D = 0.377 in., smooth D = 0.384 in., es/D = 0.0024
T, W Re Cp T, W Re Cp
(°F) (1b/sec) x10"% 103 (°F) (1b/sec) x10"%  x103
80 0.352 2.45 5.97 81 0.202 1.40 7.83
80 0.591 4.12 5.62 81 0.352 2.43  6.89
80 0.998 6.96 4.76 81 0.600 4.15 6.07
81 1,75,0 12.3,0 4.23 81 0.935 6.48 5.82
84 0.996 6.90 5.74
105 0.352 3.28 5.56 80 1.74,2 14.9,5 5.77
105 0.599 5.58 5.05
105 0.997 9.29 4.61 104  0.202 1.82 7.42
106 1.74,8 16.4,7 4.06 105 0.363 3.22  6.52
104 0.601 5.44 5.95
151 0.348 4.88 5.44 104 0.930 8.52 5.92
152 0.598  8.45 4.56 104  41.73,9 15.7,2 5.81%
152 0.997  14.4,0 4.16 |
152 1.72,8 24.4  3.75 153 0.497 2.77  6.57
153 0. 352 4.94 6.08
291 0.982  30.6 3.61 153 0.598 8 41 5.80
290 1.65,3 51.5  3.47 153 0.949  13.3,5 5.61
155 1.74,8 24.5 5.89
287 0.202 6.04 5.57
288 0.344 10.4,0 5.63
287 0.581 17.4,0  5.79
289 0.959  28.9 5.94
290  1.44,9 34,0  5.95
291 1.50,3 46.1 5.98
291 1.68,14 51,5 6.08



~201~
TABLE 3-b

Isothermal Friction Factor Results

Tube C-9 » Tube A-4

D = 0.393 in., €_/D = 0.0138 D = 0.399 in., € /D = 0.0488
'I(')L W Re—4 CF TL w Re CF
(°F)  (1b/sec)  xl10 x103 °F) (Ib/sec) x10"%  x103
67  0.347  1.97  9.42 81  0.204  1.36 17.2
74 0.364  2.25  9.06 81  0.347  2.31 47.8
78 0.356  2.31  8.96 79 0.597  3.88 48.0
82  0.353  2.42  9.43 81  0.996  6.64 18.0
74 0.626  3.87 10.0,8 81 1.74,0 11.6,0 17.7
82  0.600 4.1z 40,3,5

88 0.596  4.33  10.2,9 104  0.204  4.76 17.8
74 0.816  5.04 10.3.8 104  0.356  3.44 47.5
74 1.00,0 6.18  9.99 104  0.599  5.24 48.1
79 0.99.9  6.59  10.2.9 102 0.998  8.51 48.1
74 1.37.3  8.49  10.4,3 104  1.74,0 15.2,0 47.8
74 1.78,0 14.0,0 40.7,4 52 0.205  2.74 184
82  1.75,0 42.0,0 40.7,2 153 03514 475 178
82  1.78,0 12.2,9 10.7,1 152 0604  8.05 182
104  0.350  3.40  9.82 - 152 0.992  13.3,0 18.2
104 0.596  5.28  10.3.6 153 1.72,0 23.2,5 48.4
103 1.00,2 8.84 40.2,7 290 0.497  5.77  17.5
103 1.74,0 15.3,2 10.9,2 288 0.351  40.2,0 47.5
154  0.342  4.62  9.92 294  0.588  17.3,5 48.5
154 0.596  8.05 40.5,9 290 0.944  27.5  18.5
150  0.997  13.4,0 40.6,7 291 1.67,0 49.2  18.9
154  4.72,0 23.2,3 41.2,0

290 0.979 28.1 11.4,8
290  1.68,3 50.0 11.4,8
289 1.68,9 50.1 11.4,5
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TABLE 4

Heat Transfer Results for Tube E-3

D= 0.377 in. Smooth
T, W | Pr Re Cy Cy ch/cF
°F) (Ib/sec) x10™% x10°  x10°
80 0.350 ' 5.94 2.44 1.14,7  6.19 0.370
80 0.599 5.94  4.18 1.05,5 5.46  0.386
80 0.995 5.94 6.94 0.982 4,88 0.402
80 1.74,6 5.94 12.14,8 0.892 - 4.31 0. 414
103 | 0.354 4.38 3.22 1.32,4 5.80 0.456
103 0.599 4.38  5.49 1.20,1  5.14 0,470
103 0.997 4,38 9.14 1.10,0  4.59 0.479
103 1.74,0 4,38 15.9,4 1.02,5  4.10 0.500
149 0.350 2.79 4.86 1.52,9  5.04 0. 606
149 0.598 2.79 8.30 1.43,8  4.70 0.611
149 0.995 2.79 13.8,0 1.29,2  4.22 0.612
149 1.72,2 2.79 23.9 1.20,4  3.79 0. 635
290 0.348 1.20 10.7,5 2.07,7  4.43 0.935
290 0.590 1.20 18.2,1 1.88,6  3.99 0.945
290 0.978 1.20  30.2 1.74,4  3.66 0.936

290 1.68,8 1.20 52.2 1.62,7 3.47 0.937



D= 0.384 in.
T, V
(°F) (1b/sec)
80 0.205
80  0.352
80  0.598
80  0.995
80  1.74,6

103 0.205

103 0.3514

103 0.599

103 0.997

103 1.74,4

149 0.203

149  0.350

149 0.598

149 1.001

149  1.72,3

290 0.199

290  0.348

290 0.588

290 0.979

290  1.68,9
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TABLE 5

Heat Transfer Results for Tube D-3

5.94

5.94

5.94
5.94
5.94

4.38
4.38
4. 38
4.38
4,38

2.79
2.79
2.79
2,79

2.79

1.20
1.20
1.20
1.20

1.20

Re

-4

x10
1.40
2. 44
4.10
6.82

11.9,6

1.85
3.16
5.40
8.98

15.7,0

2.76

4,77

8.15
13.6,5

23.5

6, 05
10. 60
17.8,9
29.8
51.4

xlO3

2.

2.

.28,5
.23,0
.21,5
.21,2

.31,2

.46,2
.44,5
.39,6
.43,7

.50,6

.78,0
-69,5
.69,5
.71,2

.78,0

v52,7
.47,6

.45,0

42,0

37,0

2.

2

.46,1
.42,3
.44,6
.57,7

.71,6

A
.72,5
.80,5
.92,2

.04,0

.62,7
.65,6

.73,0-

77,0

.73,0

eS/D = 0.0024

C}I
x103
1.28,5
1.21,6
1.17,5
1.12,2

1.14,2

1.46,0
1.39,6
1.32,6
1.30,7

1.31,6

1.77,3
1.63,5

1.57,5

1.54,2

1.56,0

2.40,7
2.28,6
2.18,0
2.10,0

2.07,0

Cr

x103
7.85
6.88
6.14
5.72

5.61

7.37
6.45
5.90
5.63
5.77

6.66
6.00
5.68
5.69
5.90

5.80.

5.60
5.81
5.96

6.00

2Cpy/Cp

0.327
0.358
0.396
0.423

0.468

0.396
0.439
0.473
0.510

0.521

0.534
0.564
0.596
0.602

0.603

0.872
0.884
0.844
0.821

0.791

*These columns represent isothermal Cyy values for two different cir-

cumiferential locations at the final thermocouple station.



T

(°F)

80

80

80

80

103
103
103

103

149
149
149
149

290
290
290

290
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TABLE 6

Heat Transfer Results for Tube C-9

D = 0.393 in.

W Pr
(1b/sec)
0.354 5.94
0.599 5.94
0.998 5.94
1.?4,6 5.94
0.352 4,38
0.595 4,38
1.000 4.38
1.74,0 4.38
0.352 2.79
0.595 2.79
0.999 2.79
1.72,0 2.79
0. 346 1.20
0.583 1.20
0.982 1.20
1.68,8 1.20

Re

x10
2.37
4.01
6.68
114.6,9

5.23
8.80

15.3,1

13.3,0

22.9

10.2,9
17.3,2
29.2

50.1

€

x10

2.00,0
2.145,0
2.09,5
1.94,2

2.43,0
2.47,0
2,34,2

2.117,8

3.87

- 2.91

2.74

2.50

3.82
3.61

Cp

S/D = 0, 0138

3

x10

9.
-10.
10.
10.

10.
10.

10.

10.
10.
10.
14.

10.
44,
11.

14.

50

00

2 cH/ o

0.421
0.430
0.399
0.364

0.498
0.480
0.438

0.403

0.562
0.549
0.542

0.447

0.743
0.656
0.605

0.549
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TABLE 7

Heat Transfer Results for Tube A-4

D = 0.399 in. € S/D = 0, 0488

Tp, W Pr Re Cy Cp ch/cF
(°F)  (1b/sec) x10"%  x103 x10°

80 0.205 5.94 1.35 3.10 17.2 0.360
80 0.352 5.94 2.32 3.03 18.0 0.337
80 0.598 5.94  3.94  2.87 18.0  0.349
80 0.995 5.94 6.56 2.60 18.0 0.288
80 1.75,0 5.94 14.5,3 2.25 18.0 0.250
103 0.205 4,38 1.78 3.54 17.8 0.398
103 0.352 4,38 3.05 3.43 18.0 0.380
103 0.599 4,38 5.49 3.17 18.0 0.352
103 0.997 4.38 8. 64 2.83 18.0 0.314
103 1.74,1 4.38 45.4,0 2.50 18.1 0.276
149 0.204 2.79 2.68 4.44 18.0 0. 460
149 0.350 2.79 4.59 3.95 18.0 0.439
149 0.599 2.79 7.85 3.58 18.0 0.397
149 0.996 2.79 13.0,7 3.16 18,0 0.350
149 1.72,4 2.79 22.6 2.82 18.3 0.308
290 0.200 | 1.20 5.85 5.03 18.0 0.559
290 0.346 1.20 10.1,2 4.64 18.0 0.515
290 0.590 1.20 - 17.2,6 4.24 - 18.2 0.463
290 0.979 1.20 28.6 3.89 18.5 0.421

290 1.68,9 - 1.20 49.3 3.44 18.8 0.362
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FIG. I. TUBE SAMPLES



TUBE C-9 TUBE A-4

INSIDE TUBE SURFACE TO LOWER RIGHT IN ALL PHOTOS

FIG. 2 PHOTOMICROGRAPHS OF ETCHED TUBE. SAMPLES (130X



TUBE D-3 LONGITUDINAL

TUBE D-3 CIRCUMFERENTIAL

INSIDE TUBE SURFACE IS SHOWN ON LOWER SIDE IN ALL PHOTOS

FIG. 3-a. TUBE CROSS-SECTION PHOTOMICROGRAPHS 25 to 35X



TUBE A-4 CIRCUMFERENTIAL

INSIDE TUBE SURFACE IS SHOWN ON LOWER SIDE IN ALL PHOTOS

FIG. 3-b. TUBE CROSS-SECTION PHOTOMICROGRAPHS 25 to 35X
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FIG. 7. VIEW BEHIND GAGE PANEL SHOWING
TUBE INSTALLED

INSTALLATION

FIG. 6. VIEW OF TUBE PRIOR
TO

FIG. 8. GENERAL VIEW OF TEST FACILITY
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\\’)\ | D_3
- ¢s/D = 00024
\\
- DA ’ E-3
SMOOTH ]
\( ~
~
\O\ -)\C__g T‘\l
~_ es/D =0.0138
——=—— SMOOTH TUBE \0\
THEORY (REF. 14)

/D = 0.0488

o}

Pr

FIG. 2I. COMPARISONS OF HEAT-TRANSFER AND FRICTION COEFFICIENTS
' vs PRANDTL NUMBER FOR REYNOLDS NUMBER OF 1.5 x10°
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] ] ]
TEST NO.40
CONDITIONS AT x/D=40

Re= 422x10*

Pr = 588
ATy = 22.6 °F

I

CIRCUMFERENTIAL LOCATION
O 1-4-3

A 2-5-8

0 3-6-9

MEAN Cxy VALVES AT
EACH STATION
BULK-TEMPERATURE
REFERENCE SLOPE —

cn_,i
ES

| | | |

fe-

o b5 I0 15 20 25 30 35 40 45

4
START OF HEATING
X/D

50

END OF HEATING

FIG. 22. HEAT-TRANSFER COEFFICIENT vs

LONGITUDINAL STATION FOR A
SELECTED TESTON TUBE E-3
(SMOOTH)
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| I I |

SLOPES FROM REF 11, p. 57
~————— SLOPE FOR oa
S (m{T)/u{W})""

——-—— SLOPE FOR PROPERTY
EVALUATION AT

3f— =T+ T,)/2 —
e | l
- PZsa=e 7, =80°F T
/’/ij' Rex107*
//,/ ! O 2.44
L A A 418 T
A 5% O 6.94
| T b 12,18
"O:I'_‘FD"‘D/
e l
0.9
oslL___| | |

0

0 20 30 40 50
ATp=(T,=T1), °F

FIG. 23, VARIATION OF HEAT-TRANSFER
COEFFICIENT WITH WALL-TO-FLUID
TEMPERATURE DIFFERENCE FOR

TUBE E-3(SMOOTH)

P, =594
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T x ;
TEST NO. 24
CONDITIONS AT x/D=39.5

A— Re = 13.6xI10°
Pr = 275
AT¢ =19.1°F

CIRCUMFERENTIAL LOCATION

1

t 1

O I-4-7
A 2-5-8 _
0 3-6-9
MEAN Cy VALUES AT
2.2 EACH STATION -
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START OF HEATING /D END OF HEATING
X

FIG. 30. HEAT-TRANSFER COEFFICIENT vs
LONGITUDINAL STATION FOR A
SELECTED TEST ON TUBE D-3
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TEST NO. 42 ’ ” ‘} :
CONDITIONS AT x/D=386
| Re=133x10*
Pr = 276 B
AT;= 14.0 °F i
|

CIRCUMFERENTIAL LOGATION

O 1-4-7

A 2-5-

] 3-6-9 —
MEAN Cy VALUES AT

EACH STATION
BULK-TEMPERATURE
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FIG. 3l. HEAT-TRANSFER COEFFICIENT vs
LONGITUDINAL STATION FOR A
SELECTED TEST ON TUBE C-9
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x I 1
TEST NO. 22
CONDITIONS AT x/D=37.9
Re = 132x10?
Pr = 273
ATF = 18,1 °F

I

CIRCUMFERENTIAL LOCATION
O 1-4-7
A
O

== MEAN Cyy VALUES AT
EACH STATION
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FIG. 32. HEAT-TRANSFER COEFFICIENT vs
LONGITUDINAL STATION FOR A
SELECTED TEST ON TUBE A-4
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APPENDIX 1
| Electroplated Nickel Tube Consfruction

The tubes used in the experiments were constructed by elec-
troplating nickel onto a sand-covered mandrel and subsequently dis~
solving the mandrel.

The sand used for the three rough tubes was selected from
stocks having nearly syrhmetrical shapes and having a mean size in
the region of interest. The sand was then separated with pairs of
standard Tyler~series screens to obtain the desiréd size range.
The screens used for the three different sands had 200 to 270, 80
to 100, and 42 to 48 meshes per inch respectively. In all cases a
ROTAP separating machine was used to agitate the screens for ap~
proximately five minutes per one fluid ounce batch. In the case of
the finest sand, 200 to 270 mesh, the sand was screened with a
large, continuous process, SWECO separating machine priorto final
separation with the ROTAP machine.

Statistical samples were selected from the processed sand,
and phétomicrographs displaying the grain profiles were made of
each sample. The statistical distribution of the profile sizes was |
then measured both by direct scaling of the photographs and by the
use of an automatic counting machine.* The size attributed to.each
grain corresponded to a diameter somewhere between that of the
minimum circumscribed circle and the maximum inscribed circle.
The sample sizes were of the order of 200 grains; hence the actual

distribution obtained is not too meaningful. However, the mean

% This machine, which was designed to measure distribution of
circular images, is described in Reference 44-this reference num-
ber refers to the list accompanying the text.
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value obtained was taken to be significant. The size distribution in
each of the three sand sizes was found to be centered around the
hole size of the screen with the larger ope_nihgs; only a few grains
smaller than the openings of the smaller screen were in evidence.
This observation implies that the separation process was sufficient
to clean out all of the grains smaller than the openings of the ﬂner
me sh screen, and,in fact, the process was so complete that a sig-
nificant number of slightly elongated grains with mean size larger
" than the maximum screen opening were found in thé samples. In
Figure A-I-1, an example of the photomicrographs of each grain
size shows both the good uniformity of the grains and the tendency
to slight elongation,

A mandrel was prepared as follows: First a thin coating
of thermosetting polyester plastic* was applied to a 4-~1/2 foot length
of 3/8 inqhb-diameter, drawn aluminum tubing. The coated tuBing
was then placed inside of a length of one~inch~diameter pipe which
was provided with centering fixtures and was capped at one end.
The large pipe was placed, capped~end down, in a vertical position,
and the graded sand was poured into the annular region via a funnel
arrangement which directed the sand down along the inner periphery
of the large pipe. After the plastic had set, the sand was poured
out leaving a single layer of grains adhered to the outer surface of
the alﬁminum tube. A stiff brush was used to remove any grains
that had been caught between the adhering grains. A one~inch long
se‘ction at the center of the tube, which had been masked during the

sanding operation,was then wrapped with an integral number of

*Pittsburgh Selection #5119
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turns of a special plastic tape.* This formed a one-inch smooth sec-
tion on the mandrel with a diameter slightly greater thén that of the
sanded portion. The ent';r-e mandrel Was thenv sprayed with succes~-
sive light coats of acrylic lacquer. The lacquer was made opaque,
and hence more visible, by the addition of white pigment. The spray-
ing process was continued until a microscopic examination of the
surface revealed slight menisci formed in the interstices of the grains.
Finally, an extremely thin coating of silver was chemically deposited
on the mandrel surface rendering it electrically conductive.- The
mandrel for the smooth tube(E-3) was also made from 3/8~inch~
diameter, drawn aluminum tubing which was cleaned with detérgent
and silver coated.

The completed mandrel was hung vertically in a Watts~type
nickel-sulphate and nickel-chloride electroplating bath with the .
cathode attached to the upper end of the mandrel. Nickel deposition,
at a rate of the order of 0.00l inch-per~hour, was continued until a
thickness of between 0. 015 and 0.025 inch was attained.** Figure
A-I-2 shows a sketch of the plated mandrel. Following the plating
operation, the plated mandrel was soaked successively in solutions
of potassium hydroxide and hydrofluoric acid to remove first the
aluminum tube and then the sand and plastics. The remaining nickel
shell, which served as the test section,was mounted in a lathe head
which was rotated slowly as a stiff fiber brush was drawn back and

forth through the tube. The brushing was followed by a water flush,

* 3M Scotch Brand #470 Electroplating Tape.

** The electroplating was performed by Electroforms, Inc., Gar-
dena, California. ‘
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and the procedure was repeated until all traces of plastic ash were
removed from the roughness pockets.

At this stage, temporary fittings were brazed to the ends of
the completed tubes,and the assembly was leak tested and pressure
tested to 350 psig—one r‘ough tube sample was pressurized to 1900
psig before bursting. In early attempts at producing these tubes,
leak tests revealed very many microscopic holes (less than 0,000l
inch in diameter) passing through the tube wall. This problem was
eliminated by using great care in preparing‘the mandrels such that
all of the voids between the grains had well formed menisci of the
acrylic plastic. It is hypothesized that, if a void exists on the
original mandrel surface, the nickel grows from the sides of the
cavity and meets to form a ''cold joint'' or ''pipe'' which propagates
through the wall as the nickel is deposited. On the other hand, if
the surface cavity has a depth of the same order as its width, the
growth will proceed from all surfaces. Figure 2 (Tube A-4) of the
text shows a cavity region which is properly formed.

Another source of imperfections in electroplated tubes is
the interruption of the plating pfocess prior to completion. - Photo-
micrographs of a cross~section of a sample tube, not used in the
experiments, revealed the presence of a very dark ring located
midway between the inner and outer walls of the tube. This was
interpreted to be a layer of oxide which was formed while the tube
had been removed from the bath for inspection before completion
of the plating process. Such an imperfection would be unacceptable
for an experimental heat transfer tube where the material proper-

ties must be' uniform and well understood.



FOR TUBE C-9 FOR TUBE A-4

FOR TUBE D-3
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FIG. A-I-I. SAMPLE PHOTOMICROGRAPHS OF TUBE-MANDREL SAND GRAINS
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SAND GRAINS
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FIG. A-I-2. SKETCH OF NICKEL-PLATED
TUBE MANDREL

ELECTROPLATED
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APPENDIX II
Deductions from Direct-Current Measurements of Tube Resistance
A. Electrical Resistivity
The electrical resistance-per-unit-length of each tube was

determined by passing a measured direct-current through the tube
wall and measuring, by potentiometer, the voltage drop between a
pair of probes in contact with the tubé at two different longitudinal
stations. The wall was maintained at selected temperatures between
72° and 290°F by the passage of heated water through the tube. Heat
generated by the small electric current (70 amperes) and the heat
exchanged to the surrounding air were insufficient to produce sig-
nificant thermal gradients Within the tube wall; hence,the tube wall
could be assumed to be maintained at the measured water tempera~
ture throughout its length. Repeating the resistance measurement
at many stations along the tube provided plots of resistance-per-unit-
length as a function of station and of temperature. The ends,
trimmed from each tube, provided samples for measurement of
tube wall cross sectional area at both ends of the test section.
These samples were ground and polished to provide a true cross
section perpendicular to the axis of the tube. This area was then
measured by casting a magnified (10X) image of the section on the
screen of a Kodak Comparator onto which a piece of photographic
print paper was affixed. The resulting photographic image was
planimetered along with the superimposed image of the Comparator
reticule, the latter providing a direct calibration of the stretch of
the photographic paper during development. In computing the re-

sistivity of the various tubes, a first order, geometrical correction
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factor was applied in order to account for the effect of undulations
in the walls of the rough tubes, From the information thus obtained,
the resistivity was computed for each of the samples taken from

each end of the four tubes by

A
{1} = & {1} * | (11-1)

where A __ is the measured cross sectional area, (dR/d.x){'I:} is the
measured resistance-~per~unit-length at temperature (T) and G is
the geometricéi correction computed to be approximately 1. 08 for
ythe roughest tube and 1. 00 for the smooth tube. The resistivity
values obtained for the rough tubes agreed to within plus 9 pvercent
to minus 1 percent with the average of the two values obtained for
the smooth tube (p = 2.95 x 10"6 ohm-~in. at 72°F); this agreement .
was taken as evidence that the wall material was essentially the
same from tube to tube and from end to end on each tube, within
the resolution of the measurements.

Because of the uncertainty involved in establishing the ge-
ometrical correction (G) in equation II-1 for the rough tubes, a
second method was employed to check the resistiirity of these tubes
in comparison to the smooth tube for Which the G factor is unity.
This method is based on measurements of the thermal coefficient
of resistivity (dp/dT). Wise and Schaefer (Ref. 24, p. 1071)%%
have shown that (dp/dT) is essentially independent of either the

amount (up to several percent) or the type of impurities or alloying

* The nomenclature of the main text will be followed in this appendix,
except that the subscript e will be dropped from p, and R refers to
electrical resistance instead of pipe radius.

%#**The reference numbers in this appendix refer to the reference

list accompanying the text.
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elements present in nickel. This observation is confirmed also by
the results of other experimenters; note the existence of nearly
parallel lines in Figure A~II-1 formed by the p{T} measurements
of Lees (Ref. 45), Jiger and Diesselhorst (Ref. 45), Shofield (Ref.
46) and those reported by Wise and Schaefer (Ref. 24, p. 427).
The fixed (dp/dT) rule may be expressed for restricted tempera-

ture ranges as,
po{T} = p (T } + K(T-T() (11-2)

where the subscript ''a'' refers to a particular nickel alloy, T, is
a fixed base temperature and K is a constant independent of the
nickel composition. Con‘sidering two different compositions, ''a
and “b"' , one can write equation II-2 for composition ''b'' and mﬁl-
tipiy through by the resistivity quotient af the base temperature to

. obtain

' Pa TO} | Pa T0
pp{T} = o, {T} FAT,T p {To} + FIT) K(T-T,)  (1-3)

In the measurements of p{T} via equation II-1, the accuracy obtained
for the smooth tube is éonsiderably better than that obtained for the
rough tubes since the cross sectional area is easier to measure and
no geometrical correction is required. Consequently, for the com-
parisons to be made by use of equation II-3, the subscript all will

be faken to refer to'the smooth tube. Then, by using equation II-1,

the value of pL{T} for any one of the rough tubes is independent of

the cross sectional area of the rough tube:
(dR/ dx)y {T}
PplT) = @R7E (T, P(E-3) {To)

(11-4)
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This quantity, determiﬁed from the DC resistance measurements,
has been plotted for each of the tubes in Figure A-II-1,with TO' taken
as 72°F. As can be seen, the piD{T} values for all of the tubes fall
essentially right on the p(E_:,;){T} curve for all temperatures tested.
Comparing equations II-2 and II-3, it is seen that the coincidence of
these curves, at temperatures other than T = 'I‘O, can occur if, and

only if,
Py (T = p {T}= p(E_3){To}

where ''b'' refers to any of the rough tubes. It was further observed
for each tube that the ratio

(dR/ax){T }
(dR/ &) T,J

formed for any two temperatures (Tl and TZ) is the same for any
station along the tube. By the arguments used with equation 11-4,‘

this observé.tion confirms the supposition that the resistivity is
uniform throughout the length of each tube and is uniform from tube
to tube. It is also noted that the validity of the p{T} function for

the smooth tube is attested by the close parallel it forms with the
pure nickel curve given by Reference 24, Cf. Figure A-II-l. Had
there been error in the cross sectional area measurement of the
smooth tube, by say 10 percent, a sensible disagreement in the slopes
should have been evident.

From thé preceding analysis and consideration of the various
meésurement errors, it is concluded that the p{T} function shown
in Figure A-II-1 repfesents the resistivity of all of the test tubes
at all stations to + 3 percent. Considering the extreme sensitivity

of resistivity to small amounts of impurity, the comparison of this
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curve with the results ‘presented for very higﬁ purity, electrolytic
nickel indicates that high purity and freedom from inclusions was
attained in the production of these tubes. This conclusion is sup-
ported by chemical analyses of eiectroplated nickel samples which
were produce_db in the same equipment used for making the test tubes.
It should be noted that it cannot be assumed, a priori, that electro-
plated tubes will have high purity material. One of the early at-
tempts at electroforming tubes for the present experiments resulted
in a material with resistivity nearly equal to that of the 99.2 percent~

pure nickel investigated by Schofield (Cf. Fig. A-II-1).

B. Thermal Conductivity

Since the resistivity measurements showed the nickel in the
tubes to be very nearly pure, it is implied that other properties,
namely thermal conductivity (k),will be very nearly the same as
published values for the pure substance. Thé Wiedemann-Franz~

Lorentz equation (Cf., Ref. 20, p. 112),

k p

Tabs

L = dimensional constant (II-5)

i1

where L is the so-called Lorentz number and Tabs is the absolute

temperature, has been found to hold true for many pure metals in-
cluding nickel. A modification of this expression was suggested by
Smith and Palmer (Ref. 25) for use with groups of alloys having the

same principal constituent,
L=L_+a (p/‘I‘abs) (11-6)

where L_ and "a'' are constants independent of the particular alloy

composition.
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Smith and Palmer's investigations gave values. of the two
coefficients in equation II-6 for copper alloys, and Powell found the
coefficients for iron alloys, aluminum alloys and magnesium alloys
(Cf. Ref. ZO, p. 117). ‘Using the definition of L in equation II-5, one

can rewrite the Smith~Palmer equation as

k=L, (T, /p)+a | | (I11-7)

abs

The data given by Shofield, Lees, Jiger and Diesselhorst, and Wise
and Schaefer (Cf. Refs. 46, 45 and 24) for nickel with various purities
were plotted by the present'writer as '""k'"' versus (Tabs/p). The ''k"'
values were shown to agree within approximately 8 percent in the
regions of overlap. This is remarkable agreement considering that
variations of as much as 100 percent exist among the "'k'' values and
among the p values for the various compositions at a given tempera-
ture. The observed agreement is taken as verification of the Smith-‘
Palmer relation for nickel alloys. Since the resistivity of the nickel
tubes used in these tests is very close to that of the high purity
nickel, only the high purity p.{T} and k{T} functions (Refs. 12, p. 498;
24, p. 425-427) were used for determining the particular La and ''a'’
values employed in computing the thermal conductivity of the test
tubes from the electrical resistivity measurements. Using these,

‘equation II-7,becomes

KB ) = 1,86 x 1077 Taps(R) +17.8 (11-8)
Hr-Ft-oF ~ °° x p(ohm~1in) : B

When equation II-8 is applied to the p{T} values measured for the
experimental tubes (Fig. A-II-1), the (l/k){T} relationship shown

' in Figure A-~II-2 is obtained, Other measurements of nickel having



-257-
various impurity levels are shown for comparison in this figure.

The straight line approximation

1 , Hr-Ft-°F | _ -5 0

drawn in Figure A-~II-2 was used for all calculations in this report.
This expression is expected to give thermal conductivity values within
+ 3.5 percent of the correct value, assuming that the error limits on
the measurements reported in References 12, p. 498 and 24, p. 425

for very pure nickel are an order of magnitude less than this.

C. Tube Wall Thickness

For the smooth tube, the wall thickness at the ends of each
of the test tubes was scaled directlir from the Kodak Comparator
pictures of the tube cross sections discussed in Part A of this ap-
pendix. In the case of the »reughest tube, the height of the roughness
elements are of the same order as the wall thickness and the mean~
ing of wall thickness is less elear;‘hence,it becomes necessary to
define an effective wall thickness. This" is done by means of an
idealized geometrical model. The resistivity of a rough tube can

be written

AR A (eff)

p i
ALef;f

(11-10)

where Acs(eff) is the area of a warped surfaee passing across the
tube in such a way that it is everywhere normal to the current flux
lines; ALeff is the effective average length of all current flux paths
passing between two longitudinal stations; and AR is the measured

resistance between the two stations. A '‘warped mean surface'! is
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then imagined as that surface passing midway between the inner and
outer walls of the tube. An effective wall thickness (t) is described
as the average distance between the inner and outer tube walls in a
direction normal to the ''warped mean surface,'' and the AL e 18
assumed to be approximated by an average path length in the axial
direction along the ''warped mean surface.!' The diaméter of a
cylinder passing near the center of the wall can be taken as (D+t)
where D is the volumetric internal diameter defined by equation 69
of the text. It is then assumed that, to a first order approximation,
the same geometrical factor (G), which converts distance along the
tube axis (Ax) to the average longitudinal path length along the
"warped mean surface'! (ALeff)’ also converts the cylinder diame=
ter (D+t) into an effective average circumferential path length along

the ""warped mean surface'' and that the latter path length may be

used with ''t'"' to define Acs(ef;f)' Thus if

AL g = G Ax ' (1I-11)
then

Acs(etr) TG T(DTE)E | | (1-12)

Substituting equations II-1l and II-12 into II-10 and rearranging gives

(1I-13)

.
t{x}- ® T(AR/&x){=F (DFt{=])

Equation'II—l.'i is taken as an operational definition of the wall
thickness of the rough tubes as well as the smooth tube. Assuming
that the resistivity (p) is determined from Part A of this appendix and

that D is separately measured, then the (dR/dx){x} measurement
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yielcis t{x} és a solution of the implicit equation II-13.  The thickness
so defined is something like a thickness measured in thé direction
normal to the tube walls; it gives meaningful values for both vlirhiting
cases, wall-thickness~to~roughness~height ratio equals zero and
infinity respectively. The latter case is that of the smooth tube.
The thickness derived by equation II~13 gives good agreement with
measurements taken from the cross-section photomicrographs of
the rough tubes in those regions where it appears that the plane of
the cross section passes through the center of a roughness element
such that a thickness normal to the local wall surface is exposed,
Any attempt to further refine the thickness definition is con~-
sidered meaningless. In the experiments wherein thickness is used
in the estimation of the difference in temperature between the tube
outside wall and the inside wall, the effect of locally non-uniformly
distributed heating and the effects of locally non-uniform heat trans-
fer film conductance of the fluid contribute uncertainties of the
same order as the remaining uncertainty in the effective wall thick-
ness.,
Since the diameter of the tube and the resistivity of the tube
material are observed to be uniform and since the tube diameter
is large compared to the thickness, the ratio of the thickness at
any station to the thickness at the ends of the tube is closely approxi-

mated from equation II-13 by

t{ _ (dR/dx){L} 4
t{ii ~ {aR/dx) {xJ o (I1-14)

The resistance measurements used with equation II-14 revealed a

linear variation in (dR/dx), and hence in thickness, of the order of
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| 10 percent in the 17.5-inch-long heated test section for all tubes. This
is accounted for in the data reduction. The tubes are thicker near

the end where the cathode was attached in the plating operation, but,
since this effect is not detrimental to the present use of these tubes,
no attempt was made to correct it. The tube sample cross sections

showed very uniform thickness in the circumferential direction in all

tubes.
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APPENDIX III
System Schematics and Equipment Lists

Figure A-IlI-1 shows the complete hydraulic system. The
principal feature of the system, shown in this figure and not included
in Figure 9 'of the text, is the system of differential pressure meters.
The valving is arranged to permit selection of a 0-25 psid gage, a
0-100 inch-water recorder or a 0-20 inch-water recorder for the
tube pressure arop measurement and selection of a 0-50 psid gage,

a 0-300 inch~-water recorder or a 0-100 inch~water recorder for the
venturi pressure drop measurement. A single 0-100 inch~water
recorder is used in either circuit. Valving is also provided to allow
complete bleeding of the air from the gage lines and the bellows
chambers of each meter. Viewing tubes are provided (see the bot-
tom of the gage panel in Figure 8 of the text) to indicate when bleed-~
ing is complete.  Also shown in Figure A-III-1 is the gage calibration
circuit consisting of manometers and a nitrogen regulator with
interconnections to all of the gages. The plumbing is arranged to
permit purging of all interconnecting lines and the bellows chambers
prior to calibration so that no liquid heads remain and so that the
atmosphere can be used as one leg of the calibration circuit.

The chilled water supply for the receiver tank cooler shown
in Figure A-III—.l was used to lower the system water temperatures
following the tests.

The items enumerated in Figure A-III-1 are described in the
following equipment list. Specifications and/or manufacturer are

included only for the principal items.
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1. Reservoir tank, capacity 45 gallons, stainless steel, approxi-
mately 1-1/2 inch rock-wool-type insulation.
2. Tank exit venturi, &pecial design, stainless steel.
3. Receiver tank, capacity 65 gallons, galvanized steel.
4. Sight glass.- |
5. Centrifugal pump, 15 gpm* at 150 foot head.
6. Pump motor, 5 HP.
7. Bearing-coolant heat exchanger for pump.
8. Solenoid operated, 4-way gas valve.
9. Mercury U-tube manometer, 30 in_ch.
10. Water U-tube manometer, 20 inch, used with Meriam Unit
Oil — Spec. D-2969.
11. Water filter
12. Immersion-type dial thermometer, 50-500°F,
13. Immersion-type dial thermometer, 50-300°F, 2 required.
14. Electrical isolation flange joint and mixing chamber (Cf.
| Fig. 5 of text).
15. Electrical isolation flange joint, 2 required.
16. Pneumatically operated ball valve, stainless steel body,
Teflon seats.
17. Solenoid valve.
18. Toggle switch, 2 required.
19. Gas filter.
20. Burgt diaphragm, 265 psid.

21. Burst diaphragm, 585 psid.

*Abbreviations used in this appendix are defined in the list ac-
companying the text.
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22. Dome controlled regulator, 5-1500 psi outlet, 3 required.

23. Dome loader regulator, 50-300 psi outlet, 2 required.

24, Back pressure regulator, 100-2000 psi.

25, Differential pressﬁre gage, 0-50 psid, Barton, #Cl149-3,

26. Pressure gage, 0-300 psig, 3 required.

27. Pressure gage, 0-200 psig.

28. Differential pressure gage, 0-25 psid, Barton, #SC-181-1.

29. Differential pressure recorder, 0-300 inch~water, Barton,

#202-656.

30. Ball valve, stainless steel body, Teflon seats, 3 required.

31. Throttling valve.

32. Pressure gage, 0-3000 psig.

33. Differential pressure recorder, 0-20 inch-water, Barton,

#202-106.

34, Check valve,.

35. ‘Back pressure regulator, modified Grove power reactor,

- #RBX204-015.

36. Regulator, Watts model M-1.

37. Differential pressure recorder, 0-100 inch-water, Barton,

#202-107.

38. Horizontal gage lines, 10' x 0.25' x 0.035'"", stainless steel.

Figure A-III-2 shows the complete electrical system. The

tube~heating power metering system provides for selection of tube

probes or electrode probes as the potential source for the watt~

meter.

Separate current transformers are used for the wattmeter

current input and for the ammeter. Tube voltages lower than those

afforded by the variable-primary power transformer are attained
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by the use of an auxiliary, tap-water-cooled tube as a resistance
element in the high-current line. When the auxiliary tube is not
required, the heavy cables are joined to bypass it. The power to
the electrode and mixing flange guard heaters is controlled by var-
iable auto-transformers, and the temperatures of the electrodes
and the flange are monitored by a thermocouple-potentiometer
system separate ffom the principal thermocouple system. All
thermocouple wires are connected to copper wires in the ice bath,
thus allowing all switch interconnections to be made with copper
wire. The main thermocouple rotary switch provides for connec-
tion of the potentiometer with any of the tube~wall or the water-
- immersion thermocouples. In addition, by the use of switch position
number 3 shown in Figure A-III—Z, the electrical difference between
the outlet-water~-thermocouple e.m.f. and the e.m.f. of any of the
other thermocouples selected by the rotary switch is read by the
potentiometer. The method of calibration of the main potentiome-~
ter-galvanometer circuit is discussed in Sectioﬁ III-D-~2 of the
text; switches number 26 and 29 shown in Figure A-III-2 are used
for this purpose. Supplementary resistances, also shown in the
figure, provide an input impedance to the potentiometer of 320 ochms .
under all switch arrangements. This facilitates the potentiometer
calibration and permits the use of the galvanometer as a deflection
 instrument.

The iteﬁs enumerated in Figure A—,IIi-Z. are presented in
the following equipment list.
1. Rotary, double pole thermocouple switch, 12 position, Leeds

and Northi'up.

2. Double pole double throw knife switch, 5 required.



10.

Y11

12.

13,
14,
15.
‘16.
C17.
18.
19.
20.

21.
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Six-inch-diameter Dewar flask for the thermocouple~cold~junction
ice bath; stirring motor; 28, separate, partially oil-filled,
glass wells (approx. 6'' deep) used to acéept wire junctions.
Electrical resistance heating tape insulated with glass ﬁbevr
and with asbestos tape, 275 watt, 3 required.
Variable auto~transformer, 3 required.
Fuse, 3 required.
Immersion-type, Chromel-Alumel thermocouple (Cf. Fig. 10 of
text), total lead resistance 40 ohms, 2 required.
Thermocouple, Chromel-Alumel, resistance welded to respec~
tive surfaces, 3 required.
Potential step~up transformer, General Radio, type 942-A.
Wattmeter, 0-50 watts, 0-2.5 amp, 0-5.0 amp, 0~50v, 0-100v,
Weston Mod. No. 310.

Current transformer, 500:1 ratio, Weston Mod. No. 327, Type 2.

~ Tube~heating, step~down transformer, 100 kva, 5000 amp max.

on secondary, 440 v max. on primary, variable tap primary
yields 44 different ratios between 11:1 and 22:1,

Magnetic circuit breaker.

Push button, dead-man switch.

AC voltmeter, 0-5v, 0-10v, Weston Mod, No. 433.

AC voltmeter, 0-10v, 0-20v.

AC ammeter, 0-5 amp, 0-10 amp, Weston Mod. No. 433.
Current transformer, 240:1 ratioc, Weston Mod. No. 327, Type 2.
Electrically insulating flange joint, 2 requi-red.

Resistance tube, 9" '01; 18" x 0.375" x 0,065'", type 347 stainless
steel tubing, cooled with tap water,

Gate valve.



22.
23,
24.
25,
26,
27,
28.
29.
30.

31.

32.
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Pressure gage, 0-100 psig.

Hand balance potentiometer.

Light beam galvanometer, Rubicon Mod. No. 3404H.

Hand balance potentiometer, Rubicon Mod. No. 2702.

Single pole double throw, fast acting, switch.
Double pole single throw toggle switch, 3 required.
Resistor, 120 ohm, 3 required.

Single pole double throw knife switch.

Tube wall thermocouples, Chromel-Alumel (Cf. Fig.

total lead resistance 160 ohms, 9 required.

- Resistor, 320 ohm.

Resistor, 160 ohm.

5 of text),
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APPENDIX IV
Data Reduction Formulation

A. Thermocouple Data Conversion

The purpose of this discussion is to deduce from the thermo=
couple e.m.f. measurements the temperature differences, caused
solely by electrical heating of the tube, between the outer tube wall
and the outlet water and between the inlet water and outlet water.

The principal temperature~related data available from each
hot test consist of the following: 1) EO* and Ell" the é.m.f. 's of the
inlet and outlet water thermécouples respectively, 2) AoEll‘ the
e.m.f. difference between these two thermocouples, 3) AxEll’ the
e.m.f. differénce between each of the wall thermocouples and the
outlet-water thermocouple and 4)'ECE’ Epg and Eo, the thermo-
couple e.m.f.'s from locations on the center electrode, the exit
electrode and the mixing flange respectively. Applying conversions
from standard thermocouple tables to Eo’ Ell’ ECE' EEE and EF
respectively, the temperature differences ‘TCE-'TO)’ (TEE—TH) and
(TF—TH) can be determined with acceptable accuracy. From the
results of the non~heating c;alibration tests with mismatched electrode
temperatures, coefficients are evaluated which, when multiplied by
the temperature differences (TCE-TO), etc,, yield the temperature
rise in the flowing water due to heat addition or extraction at the
respective electrode or flange locations. These coefficients are
established for each of the nominal water flow rates, The results
of the non-heating calibration tests with matched eléctrode temper -~
atures yield the frictional temperature rise of the water (occurring

mostly in the mixing flange) as a function of water flow rate, and

*The nomenclature of this appendix follows that of the text except
where otherwise noted.
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they also yield values for the small temperature loss frorﬁ the fluid
due to a spurious heat loss. The latter was observed to exist only
for water bulk temperature at 290°F. This spurious heat loss also
depends on flow rate. A knowledge of the flow rate, the bulk temper-
ature level and the temperature differences (TCE—TO), etc., for the.
hqt tests then permits calculation of the secondary effects: electrode-
heating, frictional-heating, and spurious cooling of the fluid. These
effects are expressed in terms of e.m.f. and are subtracted from
the respective measured differential e.m.f.'s to yield the e.m.{.
differences, AxEllT’ which result solely from the electrical tube
heating. The computation of AxEllT was accomplished in the pre-
liminary data reduction operation.

The e.m.f. differences (AxEllT) are converted to temper~
ature differences by a technique which is particularly well suited to
machine computation methods. The thermoelectric power, 'dE/dTEe,
of the exit-water thermocouple is given from the calibrations as a
function of e.m.f. level. It is noted that the immersion thermo-
couples are not changed when tubes are changed; thus, this e{Ell}
information is applicable to all tubes. The thermoelectric power
’function for the exit thermocouple is shown in Figure A~IV~-l. The
isothermal e.m.f. differences between any of the other thermocouples
and the outlet-water thermocouple (6XE11)'aS a function of e.m.f.
level,is also available from the calibrations fdr each tube. An ex-
ample of these functions for the D-3 tube is shown in Figure A-IV-2.
The use of e{Ell} and axEll'{Ex} in converting the measured e.m. f.
differel;lces to temperature differences is illustrated by tﬁe follow-

ing construction.
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(gx E':// {Ell * Ay E/"T}

.
Y
MY

Segments of the respective calibration curves for the outlet-water
thermocouple, Tll{Ell} » and for one of the other thermocouples,

TX{EX} , are shown. The available information includes AxEllT
and E; from the tests and SXEH{E};} and e{Ell} from the calibra-

‘tions. The e.m.f. difference between the points A and C on the

Tll{Ell} curve is obtained by

AEN=AE -8, E {E + AE, ] (Iv-1)

The temperature difference between the points A' and C' is then given
by dividing A_E,, by the slope of the Tll{Ell} curve evaluated at the
point B midway between A and C. To a high accuracy this also gives
the temperature difference, Alel’ between points A and B. Thus

the desired formulation for the temperature differences becomes

AT ALEn

- (IV -2)
x"1 " SlEy ¥ A g /7]
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where AXEl is given by equation IV-l.

1
Finally, the temperature level of the inlet fluid, required only

for fluid property evaluations, is determined with sufficient accuracy

by a straight line approximation of the To{Eo} function. The best

fit for the temperature range 70 to 300°F is derived from the cali-

brations as

o Eo(mv) -
T (°F) = 35 + 5> (IV-3)

Similarly a satisfactory approximation for any of the outer wall tem-
peratures is obtained from

E (mv)

o - X

B. Tube~Wall Temperature Drop

The temperature drop in the wall ATW is computed from a
knowledge of the local heat flux (§), the thermal conductivity of the
wall (k), and the wall thickness (t). A modification of an expression
presented in Reference 47* is used to compute ATW° This derivation
applies strictly only to the case of smooth, cylindrical tubes having
electric current passing axially through the walls and having all heat
removal occurring at the inside surface. The original derivation
allows for a linear temperature variation of both electrical resis-
tivity (pe) and thermal conductivity (k), and it retains lower order
terfns, modified herein to suit the present needs, in series expan-

sions for t/R, ¢AT' and BAT! where
wp wp

2
Apt = (4E/dx)%
WP 2P eowow

(IV-5)

*Reference numbers in this appendix reier to the reference list in the
text.
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where @ and § are defined in
k{T} =k [1+ a(T-T_ )] IV -6)
and

P AT} = Pyl + B (T-T )] (IV-17)

and where (dE/dx) is the axial voltage gradient in the tube and the
subscript ""ow'' refers to the temperature of the outer wall. Retain-
ing only the first order correction terms and using the present re-

defined terms, the relation from Reference 47 can be written

1
— )] k
AT = ATWP[1+ g(t/3)+

+("E'+%)AT§;p+“‘],, (IV -8)

To convert equation IV~8 into the form desired for reducing data
wherein voltage gradieht does not appear explicitly, a substitute for

AT:;vp was developed as follows: From an energy balance,
27R §_ = (dE/dx) I (IV-9)

where Elo is the heat flux at the inner surface of the tube and I is the"
current. Using Ohm's law together with the fact that the applied

voltage gradient is assumed to be independent of radius,

2n rdr

RGO (v-10)

’ . ow
I= dE/dRe = (dE/dx) S‘
' R

where Re is electrical resistance, R is the inner wall radius of the
tube, R__ is the outer wall radius, and ''r'' is the variable radius.

Combining equations IV-9 a.nd‘~-10,
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q.t ,
1 _ _© Rt
ATWP g2 [ ] (IV -11)

Row
peowgz rdr
: _ peﬂTarF E}'

The term pe{{T{r} } is evaluated by using equation IV-7 and the first
order wall temperature variation,

4, R._-r 2

T{r} = T -~ 5 (3 | (IV-12)
ow

Performing the integration in equation IV-1l, expanding the result and

retaining only first order corrective terms; there results

1 = - 1 1 -
ATWP = ATWp [1 -Z-(t_/R)+ e -3 pATWp+ J (IV -13)
where
_ 9t
ATWP = (IV -14)
ow .

Finally, substituting equation IV-13 into equation IV -8, the desired

result 1s obtained:

1
AT = ATWp[l - g(t/R)+

o B ‘ ‘
+ (2- - 6') ATwp +...] (IV -15)
where the ‘prlmary term, ATWI’), depends on TOW-and q, both of which
are available from the data reduction in the present experiments.

The two correction terms for ATW,displayed in equation IV-15,
are small (each is on the order of 1 percent) for the conditions of

the present tests. It is noted that a similar expression is developed

in Reference 48 in which only the geometrical correction term,
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(1/6)(t/R), is included. While the correction terms may not signifi-
- cantly affect the experimental heat transfer coefficients in many
cases, the inclusion of one of these terms at the exclusion of the
other is quite meaningless. At high heat flux values, such as in
nucleaté boiling experiments,the ‘second correction term,which ad-
justs for radial variations in the material properties, may become

of paramount importance.

C. Computer Program Formulation

The machine computations were performed on a digital com-
puter* for which a standard program was prepared and used in
reducing the data from all tubes. The following data, available
from the preliminary reduction for each test, were read into the
machine:

1. APTS - measured test section pressure drop, gage
uncorrected.

2. APV - metering venturi pressure drop, gage corrected.

3. W - power input at the tube probes; in cases where
P
: WTs was measured,the measured value was

converted to the equivalent WP'
4. Eo - ‘e.m.f. from inlét-water thermocouple.
5. Ell - e.m.f. from outlet-water thermocouple.
6. AoEllT ~ differential e.m.f. between inlet-water and

outlet-water thermocouples,corrected for heat
gains or losses not due to electrical heating.

7. AXEllT,x=1 to 9 - differential e.m.f. between tube-wall
and outlet-water thermocouples, corrected as

in item 6. '
8. ETS - test section r.m.s. voltage drop.
9. I - test section r.m.s. current.

%Datatron 205
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The machine's '"memory'' was provided with the following function
tables from which interpolations were automatically computed:

1. Ww'{AP_} - initial rough estimate of flow rate for use
v in item 4.

2. p{T} - fluid viscosity.
3. p{T} - fluid density.

4, K{wyp.} - dimensional, square of the venturi discharge
coefficient (Cf. Fig. 11 of the text).

5. {E } % = 0to 9 - isothermal e.m.f. difference
between the inlet-water thermocouple and
the outlet-water thermocouple and between
each of the tube~wall thermocouples and the
outlet-water thermocouple.

6. e{Ell}j - thermoelectric power of the outlet-water
thermocouple.

7. CP{T} ~ fluid specific heat.

8. Pr{T} - fluid Prandtl number.

The tabulation of item 5 above for the tube~wall thermocouples was
different for each tube; the other items formed a permanent part of
the program.

The sequerice of operations performed by the machine are
given in the list appearing subsequent to the following explanatory
notes. The intention here is to display only the functional forms em-
ployed; consequently, the various dimensional coefficients are rep-
resented only as K's. These K's were also stored in the machine's
""memory'' as part of the computer program. A numerical subscript
on a given Ki implies that that coefficient is changed.from tube to tube;
whereas a numerical superscript implies that the coefficient to which
it is attached is a permanent part of the program. The subscript
"'x'' attending any of the computed quantities refers, for x = 0, to the

inlet-water condition or, for x> 0, to one of the wall thermocouple
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‘; locatiéns--

1,2,3 at the first thermocouple station

4,5, 6 at the second thermocouple station ahd

7, 8,9 at the last thermocouple station.
The appearance of the tigh subscript means that that particular com~
putation must be repeated for each value of the subscript. A similar
meaning is ascribed to the subscript ''y'' except that in this case
the ‘compu.tatiOn need only be repeated for one of the thermocouple
locations at each of the three, wall thermocouple stations. The sub-
script ”y‘; takes the values 1 for the first thermocouple station, 4
for the second station and 7 for the final station. ' If one of the dimen-~
~ siomal coefficients (K) is followed by a subscript ''x'! or ''y'', it
means that there is a different value for that coefficient for each
value of the subscript. The appearance of a functional expression,
e g5 By {To} , in ti'xe machine operations list means that the operation
is to determine the dependent variable, given the independent variable,
using the appropriate stored tabulation. Further explanatory notes
will be attached to the individual items. The sequence of machine
operations is:

LT =k kB g

See Eq. IV-3,

2. 1, {To}

3. %' {AP }

4, K{w'/p}-

See the definition of K in Figure 11 of the text.
5. PO{TO}

6. w%=10""p AP K
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7. vo= )2

8. & E{E;+AE .}

Refer to Appendix IV~A for a discussion of the thermocouple
data reduction performed in items 8,9,10,11 and 25 herein.

9. AE) = AET-8,F)

10. e {E) + AXEll/.z}

L. AT_=-AE; /e,

12. T, =T_+AT_/2

13. pav {TLaV}

14. C_=K [-———---F)"""AP'I'S K, ]
G W 2 T4

Refer to Sec. III-D-3 in the text. Computation 14 is also per-
formed on data from the non~heating calibration tests to obtain
isothermal CF values.

_ (1) (5)
15, Ty-K + K [E11+AyE11]

where Ty is the outside tube wall temperature at each of the
three thérmocouple stations. See Appendix IV-A.

= (6)
16. BY = ATC/(K + Ty)

This is an approximation for the dimensionless group defined
by equation 76 in the text.

17. Wog =Ky Wy (L+ KgBo)

The correction term KgoB- accounts for the longitudinal tem-
perature gradient in the tube wall as discussed in Sec.
III-D-3 of the text.

}

TSC = cpav ATCW

where WTgC is the calorimetrically measured rate of heat
addition to the fluid. ‘

18. Cpav {TLa.v

19. W

20. %6 Wopge =100 (W

- w(9)
2. Wopgm = K77 Eqg

where Wpgg is the heating power measured by ammeter and
voltmeter. *

I
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22. %8 Wogg = 100 (Woop - W) /Woo

23. 4, =Ky, Wpg (L+ Kpy Bo)

This expression is derived by evaluating the coefficients
in equation 72 of the text.

o . (12) (13).
2‘4. ATWY = K} qoyty [1+KY" TY.][l-K qoy]
This expression follows from the development in Appendix
IV-B. The first bracketed term on the right accounts for
the variation of thermal conductivity of the wall with tem-
perature. The correction term [1-~(1/6)(t/R)] in equation
IV-15 is absorbed here:in K;; while [1-K 1 4., ] represents
the other correction term in equation IV-15. °7
P - 2
25, AT ~(AXE11/eX)+ Kl4x [1- K15 YBY + K16y By ] - ATW

fx y

This expression follows from the discussion leading to equa~
tion 81 in Sec. III-D-3 of the text. The second term on the

right of the above equation is the bulk temperature rise in the
fluid between the tube-wall thermocouple station and the exit.

26. TLy = To + Kl?y ATC

This is a first order approximation for the local bulk
fluid temperature.

27. ¢ T
py{ LY}

28. Cp =Ko §, /W c__ AT

29, G, =

This is the mean Stanton number for each thermocouple station.
30. T

30 1y T}

31. Rey = Kl9 W/].I.y_

32. Pr_{T
gy Tyt

That part of the ‘computer read-out which was used in the

final phase of the data reduction consists of the following quantities:

Wy AT BdWpges BdWrggs ATy g0 Ty ATg Cyys Chyo Re

y y

and Pr
y

where the subscripts x and y have the same meanings provided for
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them in the preceding discussion.
As a check on the computer program, a complete and inde-
pendent hand calculation was performed for one test on each of the

four tubes.
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APPENDIX V
End Conduction Effects for Experimental Tubes
In order to provide a simple model for determining the first
order effects of thermal conduction along the tube wall, the following
assumptions will be incorporated:
i) The copper electrode blocks at either end of the heated
test section are maintained at a temperature equal to
the fiuid bulk temperature, TL*. This condition was
approximated in the experiments by means of controlled
electrode heaters (Cf. Sec. III-C of the text and Appendix III).
ii) The fluid flow rate is considered to be high enough that the
axial temperature gradient in the bulk fluid has a negligible
effect on the problem at hand. Thus TL is assumed constant.

iii) The heat transfer coefficient (CH), and hence the heat trans-
fer film conductance (h), is constant ‘throughout the test
section. This means that the thermal entrance effect
near the upstream electrode is neglected.

iv) The slight increase in heat-generation-per-~unit-length
(dQ/dx) in the direction of flow due to increase in tempera-
ture,and hence in the resistivity of the tube, is neglected,
i.e., (dé/dx) is assumed constant.

A heat balance for a longitudinal segment of the tube is stated: Heat
generated in the tube wall equals the net axial conduction plus the

radial convection to the fluid, or symbolically,

*The nomenclature of the text is used in this appendix except where
otherwise noted.
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: T
-gxﬂ Ax = 7 Dtk [ % {x} .~%X- {x+ ax}]

+ 7DAxh[ T {x+ éz—x }-1] (V-1)

where T{x} refers to the local inside wall temperature and TL is the

fluid bulk temperature. Writing equation V-1 in infinitesimal form

and rearranging terms,

d“°T ,h dQ /dx _
- ) (Tlxd - = - Tp) =0 (V-2)
Letting
a=h/kt - (V-3)
and
_ dQ/ dx
o{x} = T{x} - —br - Ty, (V-4)
reduces equation V-2 to
2
49 _ao=0 (V-5)
2 .
dx

It is assumed, and later established, that the tube is essentially in-
finite in length for this problem. The boundary conditions thus be-

come:

and
dT/dx =0, x =

or, written in terms of equation V-4,

0=/ .o (V-6)

»ﬁDH ’
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and
de/dx = 0, x = | (V-17)
The general solution to equation V-5 is

0= Mexp { -y@x} + Nexp{ya x}. , | (V-8)

Using the conditions V-6 and V-7 to evaluate the arbitrary constants
M and N in equation V-8 and reverting to the original variables, one

obtains
T (dQ/dx)
x} =Ty + S [1-exp{ - {B/kE x}] {v-9)

The equation V-9 result is first used to deferrnine the dis-
tance from either of the electrode blocks beyond which the presence
of the blocks has an inconsequential effect on the CH determination.
The Stanton number determined from the wall temperature measure~

ments in the present experiments is written

_ (dQ/dx)/aD
C = (V=-10)
Hm p u cp(T-TL)
and the true CH sought is written
_ h
m p

Using the definitions V-10 and 11 with the result from equation V-9,

one can write for large values of the exponential argument

C,,-C
H "Hm
— 2 =~ exp{ -,/h/kt x} (V-12)

From this expression it can be shown that the percentage error in

CI—Im due to end-conduction effects will be less than one percent if
x /Kt)/% = 5.0

This criterion can be rewritten
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Tkt D )

: (V-13)
o cpw _

wherein the identity V-1l has been used to eliminate '"*h'', and the

mass continuity equation,
W = (7/4) D% pu_ (V-14)

has been employed. For the present experiments, the term on the
~right in expression V-3'is a maximum for the lowest flow rate (W)
and for the smooth tube operating at low fluid bulk temperature to
give minimum CH' Using the criterion of expression V-13, it is thus
found that, if the distance from the nearest electrode is greater than

0.38 inches, the error in the C determination due to end conduc-~

Hm
tion is less than one percent. At the location of the wall thermocouples
placed closest to the electrodes, approximately 2.0 inches, this error
is thqs computed to be completely negligible.

The equation V-9 result is next used to estimate the net
heat conducted to the electrodes along the tube walls. The heat con-
ducted to the electrodes due to the electrodes being at a temperature
other than the liquid bulk temperature (TL) is supposedly compensated
in the data reduction procedure for the hot tests. However that heat
is not compensated which is conducted to the electrodes when the elec~

trodes are held at T, and the tube is electrically heated. This net

L
electrode heat conduction represents a potential source of discrepancy
between the heat rate received by the flowing water and the electrical

power supplied to the system. Differentiating equation V-9 and

evaluating (dT/ dx) at the electrode, x = 0, there is obtained

(dT/ax){0} = (h/kt)l/2 517%/54—"' » | (V-15)
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Then in is nbt.ed that
Q

5 = Dtk (dT /dx) {0} | (V-16)

where QE is the heat conducted to the electrode, Also,
A = (dQ/dx) L (V-17)

where Q is the total energy delivered to the tube. Using equations
V-15 and 17 with equation V-16 and making the same parameter sub-

stitutions used in expression V-13, the result is obtained,

Qg _2 rkt D% )1/2 , - is)
= “Lhrcew -

where the factor 2 is applied to account for the heat loss to both
electrodes. Using the same maximum parameters on the right hand
Aside of eqﬁation V-18 as were used in evaiuating expression V-13,
the portion of the fotal heat supplied to the tube that is lost to the
electrocies is computed as 0.8 percent for the most adverse test
conditions. For the majority of the test-conditions investigated in
the present work, the computed power discrepancy is much less

than this maximum value.
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APPENDIX VI
Effects of Erfors in the Calorimetric Power Determination
To an acceptably good approximation, the data reduction equa-
tion (Cf. Eq. 80 of the text) used to obtain the heat transfer coefficient
can be expressed by |

D Wpg

H* I W ¢, AT, * (VI-1)

C

where WTS is the total heating power generated in the tube and where

L3

AT (TX—TH) + (1 - E) ATC - ATW (VIi-2)

f

Since WTS is measured electrically, errors in the calorimetric

power measurement affect CH through ATf only, and one can write
%GCH ==T8 ATf ' (VI-3)

where § is taken here to infer the computed value minus the correct
value. It is now assumed that a small heat loss ra.te', not apparent
in the non-heating calibration tests, occurs in the hot tests leading
to a shortage in the measured calorimetric power. Two cases are
of interest.

Case I: Consider the existence of an anomalous heat loss between
the wall thermocouple station and the exit as illustrated by the dia-
gram in Figure A-VI-l-a. It is assumed that the exit bulk tempera-
ture without the heat loss would be Til as determined from the known

electrical power added to the fluid. Thus,

(T}, - T, )= WTS/v‘ir <, (VI-4)

*The nomenclature used in the text will be followed in this appendix
unless otherwise noted.
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The calorimetric power is defined by

(Ty=T,) W e, = AT Ve = Wigo ' (VI-5)

Equations VI-4 and 5 can be combined to give

' -
T"Ty WosWrgse

AT~ ~ T W o (VI-6)
C

Referring again to the definitions in Figure A-VI-l-a and to equation

V-2,
X
AT = (T ~Ty)+ (=) (T =T ) - AT (VI-7)
and
ATg = (T =Tj) + (L= L) (T} = T) - AT, | (VI-8)

Subtracting equation VI-8 from VI-7 and dividing by ATf gives

AT.~AT (T!.-T..)

%BAT = (100) —gy— = (100) T ———1%.'1%— (V1-9)
or
%BAT, = (100) % (Tlli:rT”) i;: (VI-10)
C
From equations VI-1 and 5,
AT . 4L _rsc (VI-11)
AT, "D TH Wqg |

Then combining equations VI-3, 10, 6 and 1l,the result is obtained:

Wrs=Wrsc

g ) (VI-12)

X
% 6C - (400) 5 C

=
HI TS
where the subscript I refers to Case I.

Clearly, if the exit thermocouple indicates too low a value for bulk



=292 -
temperature due to poor mixing of the fluid, equation VI=-12 would still

yield the C., error.

H
Case II: Assume next that an anomalous heat loss occurs between the
entrance and the wall thermocouple station. This case is portrayed

in Figure A-VI-1-b. KEquations VI-l through 7 and VI-ll are still appli-

cable, but the equation for the correct ATf becomes
.- N - )
ATf = (TX Tll) + (1 - —f‘) (Tll TO) ATW . (VI-13)

Then subtracting equation VI-13 from VI-7 and dividing by A'I'f gives

AT, -AT (T -T. )
%8AT, = (100) __g_,r?_i = - (100) 1 - &) -—iAl-T-f—l-l (VI-14)
or
(T! -T..) AT
X 11 711 c
%SAT, = -(100) 1 - F) —Fr—— ZT" (VI-15)

Then, combining equations VI-3, 15, 6 and 11 gives the result for
Case II:

WTs'WTsc)
Wrs

= (400)

~

(L"X) CH (

%6C -

HII (VI-16)

As a numerical example of the application of equations VI-12
and 16, the heat transfer test yielding the highest computed error will
be considered. For the rough tubes the calorimetric power discrep=-
ancy, (WTS-WTSC)/WTS’ was computed to be approximately +0,03.
The highest CH value occurs for tube A-4 at the lowest flow rate
(0.2 1b/sec) and the highest fluid temperature (_29OOF). For this
condition, V
3

Cyy =5x%x 10"
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For tube A-4,

D= 0.4(‘)bin.

L=17.4 in.

and the downstream wall thermocouple station is located at |
x %15.0 in.

Then if the heat loss occurs at a point downstream of the wall thermo-

couple station, Case I (Eq. VI-12) applies so thét

15.0 -3 ,
%8 Cppp = -2.25% (VI-17)

If the observed heat loss occurs upstream of the wall thermocouple

station, Case II (Eq. VI-16) applies so that

(17.4-15)
%8 Cppyp = (400) 5 x

-3
~5—o 5 * 1077 (0.03)

%6 CHII = +0. 369 | (VI-18)

Thus the maximum error in the CH determination due to the observed
calorimetric power discrepancy is -2.25%or +0.36%depending where
the heat loss or temperature measurement error occurs. For most
cases, this error is somewhat less than these maximum values since

the CH values are lower than 5 x 10"3.
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a. ANOMALOUS HEAT LOSS BETWEEN THERMOCOUPLE
STATION AND EXIT

v

0 ’% e L
REGION OF
HEAT LOSS

b. ANOMALOUS HEAT LOSS BETWEEN ENTRANCE
AND THERMOCOUPLE STATION
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APPENDIX VII
A Turbulent Vortex Model for the Cavity Heat Transfer
It wa/s shown in Section II of the text that, for pipes having
geometrically similar roughness elements and operating in the fully

rough region, the heat transfer similarity law can be written

¥ = g = 7 (VII-]')
CF/Z F.R. F.R. ACHC{AG k,PI‘}

In this equation, '"A'' is the fully rough friction similarity parameter
which is equal to 8.48 for the hydraulic equivalent sand-grain rough-~
ness ratio used to describe the tubes of the present experiments.
The term CHc is the so-called cavity Stanton number having the perti-
nent Reynolds number A€*, The exact meaning of the term CHc will
be defined presently.

From equation VII-l it is seen that an understanding of the
dependence of the cavity Stanton number on the pertinent Reynolds
number: and Prandtl number will lead directly to an understanding of

the complete C Re, Pr, €/D dependence for rough pipes in fully

H
rough operation. A possible model for the cavity flow,to be examined
in this appendix,will be referred to as the turbulent vortex hypothesis.
To the extent that it correctly describes the cavity flow cénditions,
it should be useful in guiding future theoretical and experimental in-
vestigations leading to a description of the cavity heat transfer
relations.

Following the discussion in Section II of the text by which
equation VII-1 was developed, the mean flow is imagined to be divided

1t

into an ''external flow'' and a ''cavity flow'' by a cylinder passing

through the tips of the roughness elements. The mean axial velocity
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of the flow at the interface cylinder is deduced in the discussion

leading to equation 56 of the text. The result is

u 3\,70;p A= u A (VII-2)

where '""A'' is again the similarity constant for the given roughness
geometry, ug * is the temporal and spatial mean axial velocity at
the interface, and T, is the temporal and spatial mean shear stress
. at the interface, A temporal mean cavity flow pattern is fhen asg-
sumed to exist which conforms to the cavity wall profile with a finite
number of stagnation points. Several examples of visualized flow
patterns over two-dimensional elements are given by Wieghardt
(Ref. 40)*%*%, For purposes of discussion, a sketch of an assumed
cavity flow pattern is presented in Figure A-VII-l. The interfe,ce
is assumed to be located just far enough from the element tips so
that it is outside of the laminar flow boundary layer induced by any
exposed wall segments.

For the fully rough conditions being assumed in this discus-
sion, the friction coefficient of the pipe is independent of Re. Thus
the surface shear stress ('ro) is independent of viscosity, and it is
aseumed that the integrated axial component of the pressure forces
on the cavity walls due to the dynamics of the cavity flow is
very much greater than the effect of the viscosity~dependent shear
stresses at the cavity walls. Roshko (Ref. 33) demonstrated,
by direct measurement, the validity of this assumption for the case
of single, two~dimensional, rectangular cavities. It is also assumed

from the independence of TS from viscosity that the entire mean flow

*The nomenclature of the text will be used in this appendix except
where otherwise noted.
**Reference numbers in this appendix refer to the list of references .

in the text.
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pa,ttei'n of the cavity is independent of viscosity. It follows that, if
the clepth of the cavity (€) is used as a scaling factor to definé a loca-
tion in the cé.vity, the ratio of any local mean velocity in the cavity

to thé mean external velocity (ug) is fixed with respect to the pipe
Reynolds number and .the roughness ratio (€ /D). The fact that the
vortices may be unstable and change form intermittently is assumed
not to affect the present reasoning since the temporal mean flow is
being discussed, and such time dependent variations are considered

as being a part of the turbulence. Thus,one can write

=64z} (VII-3)

P P

where u—"V is the mean velocity at any arbitrary point in the cavity
given by the locating vector T.

A high degree of turbulence must exist in the neighborhood
of the interface in order to transmit the large net pressure forces
on the cavities to the main flow via the turbulent shear stresses (q-o).
From this it is inferred that the entire cavity flow carries a high
turbulence level which is damped out to form laminar boundary layers
only in the immediate vicinity of the'walls.

If equation VII-3 is to hold true throughout the cavity, those
turbulent components which are effective in transferring momentum
between adjacent parts of the cavity flow must also be independent
of the pipe Reynolds number and of pipe diameter. Thus,

u'ul —

__1_23_ = fi' {65} : (VII-4)
W J
g ‘ .
where (p u!iu3) is any of the components of the turbulent shear stress

tensor. In addition, a comparison of equations VII-3 and 4 implies
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~ that the ratio of any of the local mean turbulent velocity terms to the
local mean translational velocity squared is a function only of position
in the cavity.
| The way in which this turbulent vortex model of the cavity

flow cé,n be used to develop relationships for the cavity heat transfer
will now be considered. A segment of the wall between any two stag-
nation points is assumed to form a boundary layer out of a turbulent
external flow. This boundary layer of laminar and partially damped
turbulent flow is assumed to‘constitute essentially the entire thermal
resistance of the cavity. The heat transmitted through the thin
boundary is thought to be convected freely around the cavity flow vor-
tex ér vortices to the interface region. Thus even though the local
boundary layers have a negligible effect on the main cavity flow,
they are of principal importance in determining the cavity heat trans~
fer. The assumed heat transfer conditions are analogous to those
near a stagnation peoint on a surfacé placed in a turbulent free strea:fn.

It will be assumed for the discussion that follows that the de~
pendence of the pertinent cavity Stanton number on a Reynolds number,
based on distance from the stagnation point, and on Prandtl number
can be represented by a simple power law. relation. Thus the local
Stanton number for one of the wall segments between a pair of stag-

nation points is written

Cipoq = Kp; Re_ )P (Pr)™ - (VII-5)

Hvi 1i vLi

where the subscript ''i'' refers to one of ''n' segments of the wall and
the exponents ''p'' and '"m'' are empirical. All K's used in this dis-

cussion refer to dimensionless constants for a given type of pipe
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roughness. The new terms in equation VII-5 are:

_ /Ay
“hvi T Pug;Cp (TyTyy) (VIL-6)
and
Lviuvi
Re i~ v — . (VII-7)

where évi is the mean heat transfer rate through the wall segment
area Avi;Lvi is the length of the segment along the streamline; u_y
‘and Tvi are respectively the local mean velocity and temperature
external to the boundary layer; and TW is the cavity wall temperature,
assumed to be the same for all‘ segments. From the preceding dis-
cussion, the fluid temperature drop between the.region just outside

of the boundary layer and the cavity interface region is assumed to

be negligible; hence,

T, =T, (VII-8)

where Tg is defined as the average temperature at the interface.

From the assumed similarity for the cavity flow given by equation

VII-3,
Lgq = Ky | (VII-9)
A=Ky A | (VII-10)
and
=Ky Uy (VII-11)

where AC is the projected area of each element of the roughness on
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the interface. Further,

n .
.Z} Q’vi = QC (VII-12)
i=]l

where QC is the total heat transferred from a given element. Then
using equations VII-9 and 1l in expanding the definition given in equa-~
tion VII-T7,

€u

K —8 (VII-13)

Re izK 43 v

vL 2

and, since €*= e,u’r/v, equation VII-2 substituted into equation VII-13

gives

Re '=K21K4

vLi { Ag* (VII-14)

Next, substituting equatims VII-8, 10 and 11 in the definition VII-6 gives
Q‘vi

L= — (VII-15)
Hvi K3iK4iAc pcpug(TW Tg)

C

The cavity Stanton number (‘CHC) is defined in Section II of the text
for use in equation VII-1. This CI—Ic is based on the total heat flow
from the roughﬁess element (QC), the projected area of the element
on the cylindrical interface (AC), the average axial velocity at the
interface (ug) and the difference between the wall temperatufe and

the average fluid temperature at the interface (TW-Tg). Thus,

éC/AC .
Chuec "u < p(L_~T ) | (VII-16)
g P W g

From this definition and equations VII-12 and 1.5, CHc can be written

n

C = Z .K3iK

He (VII-17)
° =l

41 CHvi
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| and using equations VII-5 and 14 in VII—17‘, the result is obtained,

Cre = K (Ae*)"P (pr)™™ (VII-18)

where the constant K', which depends only on the form of the rough-~

ness, is defined

n
= : -p ‘
KIS 2 Kgy Ky Ky gy Ky (VII-19)

Putting equation VII-18 into VII-1 gives the final result
gr g, = Kle¥)P (Pr)? (VII-20)
where

1 .
K -21
£ _-_T——TK’A o (VII-21)

|

Thus the turbulent vortex hypothesis,for the flow in the rough-
ness cavities under fully rough conditions, leads to two predictions
concerning the heat transfer similarity parameter, gF. R.{e*’ Pr}:
First, this parameter should have the same €% and Prandtl number
dependence for different ty pes of roughness elements. That is, the
gF.R. function should change only by a constant factor (Kf in equation
VII-20) if the form of the pipe surface is changed. Secondly, the €%
and Pr dependence of the gF R, function for a fixed type of pipe
roughness is the reciprocal of that expected for the Stanton number
of a free boundary layer developed on a surface immersed in a tur-
bulent external flow. This second prediction is understood by re-
calling that the exponents ''p'' and '""m'' in equa-tion VII-20 were intro=-

duced in equation VII-5 as part of an assumed relation between the
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~ Stanton number for a free boundary layer and a Reynolds number
based on distance along the surface.

The next discussion is presented only to shbw that reasonable
guesses concerning the heat transfer characteristics of the assumed
cavity boundary layers will lead to values for '"'p'', '""m'* and Kf in
equation VII-20 that are of the right order-of-magnitude with respect
to the results of the present e;xperiments. The conjectures leading

11

to estimates for the exponents ''p'' and '"m'' will be considered first.

Reference to the smooth tube measurements, Cf. Eq. 122 in Sec. IV-B
of the text, shows that, for Prandtl numbers between 1.0 and 10, the
ratio CH/CF can be approximated by the power law
Cy -0. 48
r

T s

(VII-22)

It is now assumed that this relation (with the appropriate re~definition
of terms) will also represent, at least in an approximate way, the
relation between the local values o£ CH and CF in a boundary layer
with free stream turbulence. A similar assumption is often made

in relating pipe flow results to boundary layer flow (Cf. 'e.g. , Ref.

12, p. 215). Next, it is assumed that the local friction factor in the

cavity can be approximated by the expression

Cp, = K¢ Re -0.2
X X

F (VII-23)

which is applicable to a flat plate in a free boundary layer having

only self-induced turbulence. The subscript "'x'' in equation VII-23
refers to a particular distance from the stagnation point. The Cp

and ReX are here defined in terms of the local wall shear stress
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 and the velocity outside of the boundary layer. It is conjectured that,
in the case of a highly turbulent fre‘e stream, equation VII-23 could
represent the friction even closé to the stagnation point, i.e., down
to Reynolds numbers of a few hundred based on distance from the
stagnation point. Substituting then equatioanII-ZS into VII-22 and
integrating over a segment of the cavity wall,starting from a location
near the stagnation point,leads to the mean Stanton number for a

cavity boundary layer,

-0.48 -0.20
T e

C..=K, P

u=E7 R

(VII-24)

This Stanton number is defined in the sense of equation VII-6.

Neit, an attempt is made to predict the order of magnitude
of the coefficient K' in equation VII-18. For this, a. square two-
dimensional cavity with a single vortex such as that studied by .
Roshko (Ref. 33) has been assumed. A small separation region
is assumed to exist at each corner of the cavity. This then causes
the respective boundary layers to re-start near the corners in such
a way thé.t essentially identical layers are formed on each of the
three walls. Thus, for the square cavity, K,. and K31 in equations
VII-9 and 10 respectively are taken as 1.0. The ratio of the velocity
in the vortex near the walls (uvi) to the external velocity (ug) in
equation VII-1l is assumed to be 1/3 on the basis of Roshko's ob-
servations. The Kl coefficient from equation VII-5 which is essen~

tially the K., coefficient in equation VII-24 is taken from experimental

7
results for turbulent boundary layers over flafplates. Assuming ,
furthermore,that the exponent ''p'' is 0.20 (compare equations VII-5

and 24), the K' coefficient defined in equation VII-19 can be evaluated.
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This computed value for K' is then put into the definition for
Kf in equation VII-21. The value for the similarity parameter ''A’!
is taken as 8.48 Whiéh is correct for sand grain ;‘oughness and which
is also a good approximation to the measured factor for Roshko's
square cavity. The final result pf these crude approximations for
the coefficient K., taken together with the exponents estimated in equa~-

tion VII-24, yields the evaluation of equation VII-20, as follows:

20

~

< 4.0 ()0 0.48

(Pr) (VI1I-25)

gr.R.

Equation VII-25 may be compared with the results of the
present experiments with a three-~-dimensional type of roughness

‘given by equation 129 of the text,

0.20 0. 44
gp. R, = 5.19 (e*) (Pr)

The fact that reasonable assumptions regarding the cavity boundary
layers lead to a correct order-of-magnitude prediction of the rough
tube experimental results lends credence to the simple physical
model of the cavity flow proéess implied by‘ the turbulent vorfex
hypothesis. Again it should be emphasized that the exact relation~
ships assumed for CH/CF and CF in the above development are of
secondary importance. Slightly different exponents and coefficients —
including even those corresponding to laminar flow — would have led
to the same conclusion as to the acceptability of the flow model
postulated for the cavity.

The reasoning leading to the turbulent vortex hypothesis is,
of cour se, subject to limitations and criticisms. First, the results

are limited in application by the assumption of similar cavity flow
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patterns, and this assumption is based on the pipe CF value being
independent kof Reynoldé number. Two of the ring configurations
used as roughness elements by Nunner (Ref. 5) showed a marked
tendency for the CF to rise with increasing Re at high Re values
even though CF assumed a constant value in a lower Re region. This
implies, in terms of the hypothesis, that a new flow pattern must
have begun to evolve at high Reynolds number. Nevertheless, a
wide variety of roughness types do yield constant Cy over a large
range of Re values (Cf., e.g., Refs. 49, 10, 5 and 13).

Secondly, the assumption that nearly stationary flow pat-
terns exist may be criticized. If large scale vortex shedding takes
place, the local boundary layers are in a continual transient state
and the simple steady relations for ‘the cavity boundary layers could
not be expected to hold. It is noted that in many flow visualization
experiments, mostly limited to flow over various two~-dimensional
elements, standing vortex patterns are observed (Cf. Refs. 39,

p. 196; 2 and 40). Roshko (Ref. 33) made pressure measurements

in various two-dimensional rectangular wells placed in the floor of

a wind tunnel. In the case of the square well, a single vortex formed
in the cavity.

Another and perhaps the greatest limitation of the turbulent
vortex hypothesis is that the cavity flow model in itself offefs little
insight into the characteristics of the cavity boundary layers. Since
the flow, external to the cavity, is assumed to be unaffected by
these local shear layers, no information conc»erning‘the shear stres~

ses at the walls is available from the pipe friction (CF) measurement.
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" Some qualitative description of the conditions‘ for the cavity boundary
layers is possible however. For example, the Reynolds number for
the‘ boundary layers are seen from equation VII-14 to be of the order
of (Ae*). For the present experiments, A is 8. 48 and the €* values
raﬁge from 70 to 2000 for the‘fully rough region. Thus the cavity
flow Reynolds numbers based on distance along the wall can be as~
sumed to range from about 600 to 17, 000. |
In summary, the essential points of the turbulent vortex hy-
pothesis for fully rough conditions in pipes having geometrically
similar roughness eléments are the following:
i) The mean flow in the cavities between the elements is
composed of a finite number of discrete vortices.
ii) The pattern and velocity distributions of the‘se vortices,
for a given type of roughness form, are independent of
of the Reynolds number of the pipe flow, independent
of the roughness ratio of the pipe, and independent of
the presence of thin shear layers a.ti the cavity walls.
iii) The heat transfer in the cavities is controlled by the
thin shear layers at the walls.
iv) The Reynolds numbers, based on distance from the
stagnation point, for the boundary layers at the cavity

2 t0 10%) for

walls are very small (of the order of 10
cases of interest.
v) The flow external to the cavity boundary layers is highly

turbulent with turbulent velocity components estimated

to be in the range of 1 to 10 percent of the mean velocity.
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The heat transfer characteristics of the cavity boundary layers
still remain to be understood before the turbulent vortex model will
be useful in completely describing the heat transfer characteristics
of rough pipes. Such understanding could be gained from heat trans-
fer measurements near the stagnation points on blunt bodies immersed
in turbulent free streams. To be of greatest use, these measure-
ments should be taken at various Prandtl numbers and Reynolds num-~
bers and with differing amounts of free stream turbulence. If the
points just listed represent a correct model of the cavity conditions
and if the cavity boundary layer behavior can be adequately described,
the information obtained from visualization of the flow patterns in
large scale roughness elements can be used as an effective means
for predicting which roughness types will yield the most desirable
heat transfer characteristics for rough pipes.

An immediately useful result of the turbulent vortex hypofhe-
sis comes from making the additional assumption that the Stanton
number dependence on the local Reynolds number and Prandtl num-
ber for cavity boundary layers can be represented by a power law.
The result in equation VII-20 then predicts that the gr R. {e*, Pr}
function would change only by a multiplicative factor as the type

of roughness is changed.
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FIG. A-¥IT-1. SCHEMATIC LLUSTRATION OF A
ROUGHNESS-CAVITY FLOW PATTERN



