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Table 2 Comparison of aerodynamic characteristics between the
solutions with different rate coefficients; ellipses of 10% thickness,
at the altitude of 50 km and angle of attack of 20 deg

y=14 Standard rates Rates x 10
C, 0.3206 0.3175 0.3090
Cp 0.1531 0.1515 0.1478
CP Shift, % 0 -0.14 ~0.081
1.0 Reacting Flow, Ellipse
. Thickness = 10%, Chord = 10 m
afa = 40°
0.8 |—® Alt=63 km
-4 Alt=74 km
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Fig. 4 CP Shift due to real-gas effects for the ellipse of 10% thickness
as a function of V, for the chord length of 10 m, a/a = 40 deg, and
for the altitudes of 63, 74, and 85 km.

of 0.6 = 0.2% has been observed at angles of attack between
20—40 deg.* The CP shifts calculated in the present work are
also of the same order.
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Nomenclature

semimajor, semiminor axis of ellipse

specific heat of condensate at constant pressure
acceleration due to gravity

local, mean condensing heat transfer coefficient
thermal conductivity of condensate

Prandt] number

coordinate measuring length along circumference
from top of tube, normal to x

u = absolute viscosity of condensate

density of condensate, vapor

o = surface tension coefficient in the film
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1. Introduction

HE origin Nusselt’ model for filmwise condensation of

a quiescent vapor along an isothermal vertical plate
equated gravity and viscous forces and assumed a linear tem-
perature profile across the condensate layer. Nusselt did not
consider film acceleration and energy convection effects. Af-
terward, many investigators, such as Rohsenow,? Churchill,?
and Memory and Rose* have directed their effort at studying
the impact of Nusselt’s assumptions under such conditions
and made significant improvements on Nusselt condensation
theory.

Our major aim of this Note is intended to help the easy
use of the Nusselt-Rohsenow-type condensation analysis with
further account for the effect of surface tension by developing -
analytical, explicit, and straightforward integrating solutions
for the problem of laminar-film condensation onto horizontal
elliptical tubes, including vertical plates and horizontal cir-
cular tubes, under wall temperature variations.

II. Analysis

Consider a horizontal elliptical tube with its major axis *“2a”
oriented in the direction of gravity, situated in a quiescent
pure vapor which is at its saturation temperature T,,,. The
wall temperature T, is nonuniform and below the saturation
temperature. Thus, condensation occurs on the wall and a
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Fig. 1 Schematic and coordinate system for the condensate film flow
on the elliptical surface.
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continuous film of the liquid runs downward over the tube.
The physical model under consideration is shown in Fig. 1.

For a laminar, steady-state condensate film with constant
fluid properties, the Nusselt’s local mass flow rate is expres-
sible in terms of the local film thickness 6(x) without reference
“to the history of the film up to this location as

m = p(p ~ pu) i% [sin & + Bo(e)] (1)

where ¢ = ¢(x) is the angle between the normal to gravity
and the tangent to the tube wall at the positon (r, 8). Here,
0 is the angle measured from the tube upper generatrix; r is
the radial distance from the centroid of the ellipse and can
be expressed as

r=a[(l — e?/(1 — e cos*p)]** )

where e = Va? — b?/a is an ellipticity of the ellipse. Addi-
tionally, the pressure gradient due to surface tension forces
Bo(¢) can be derived as

1 — e?sin?¢

3e? ’
B = — i
0(9) = 50— (s ) sin@4) ()
where Bo = (p — p,)ga* o, the Bond number.
The heat flux at the liquid-vapor interface is related to the

rate of condensation by

din  dT AT
Moo =kay Tk 4

where k. = h,, + 0.68C,AT, latent heat of condensation
corrected for condensate subcooling by Rohsenow? and AT
= T, — T,. Inserting mz into Eq. (4) gives

plp — p,)g

3 Ay % {83sin ¢ + Bo(P)]} = %AT 5)

With reference to Fig. 1, the differential elliptical arc length
may be written as

r de

e 0 ©

By using the geometric relationship for the tangent to the
elliptical surface, one has

tan ¢ = tan 6/(1 — e?) (7)

In order to compare the condensate film flow hydrodynam-
ics and heat transfer characteristics with circular tubes, based
on the same condensing surface area, or same perimeter per
unit length of tube, one may introduce an equivalent diameter
D, as

D, = 2%]0" (1 - NI =~ simd)] db  (8)

and dimensionless streamwise length s as

é ko
s = J:) (1 — e?sin?¢p)=3? dd)/fo (1 — e*sin?¢)~¥ d¢
&)

Once the wall temperature distribution specified or fitted by
the experimental datas, one may calculate the mean wall tem-
perature as

7= 2 [T 1,610 - VT = F5mgr) do (10)

and express the temperature difference across the film as

T

sat Tw = (Tsat - TW)FI((b) = ﬁFt((f)) (11)
where F,(¢) is the nonisothermality function.

Substituting Egs. (6) and (11) into Eq. (5), and introducing
transformation of variable from x to ¢, one obtains the local
film thickness at ¢ as follows:

5% =5

[ D kpATlg ]”“ _ F(o)

heep(p = p.)
x {717 f( )" (1 — NI = e sip)] dd)} (12)
where

F($) = [sin ¢ + Bo(#)] {2(1 - [ R

X [sin ¢ + Bo(@)]"(1 — e? sin’p) d"’} )

It should be noted here that in the lower half of tube
(7/2 < ¢ < ), Bo(¢) is negative and getting small with
increasing ¢ in magnitude, so that the value of sin ¢ + Bo(¢)
decreases from positive value to zero at the critical angle
¢ = ¢.. Thus, 8 approaches infinity as ¢ goes up to ¢.. The
critical angle ¢, is usually interpreted to mean that the liquid
condensate is dripping off the tube, and less than & for 1/Bo
> 0 cases. The Nusselt-type condensation theory always as-
sumes ¢, = . In fact, it is certainly conceivable that sepa-
ration of the condensate layer may occur in an adverse pres-
sure gradient environment due to retarding surface tension
[Bo(¢) < 0] in the lower half of tube.

In terms of condensing heat transfer, interpreting the result
of the model is straightforward by employing the usual idea
of a heat transfer coefficient as follows:

Nu = (hD,/k) = (Ralla)"*/8* (14)
where
Ra = p(p — p,)gPrD}/u?
Ja = C,ATlh,.

From Egs. (1), (4), (6), (7), and (11), the condensate pro-
duction is derived as
o [64k3a3AT3p(p - mg]"“
3 /J“(hfg')3

o [* F(d)[Bo($) + sin ¢]'®
X {(1 - € ) J{J (1 — g2 Sin2¢)3/2

d¢} (15)

Noting that the above relation gives only half of the conden-
sate mass flow from the tube, one finds that an energy balance
within the condensate film over an entire elliptical perimeter
per unit tube length yields

2nhy, = h(aD)AT (16)

With the help of iz, one may obtain the overall mean Nusselt
number as

Nu = (hD,/k) = (128/817)"(Rallay"S,  (17)
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where

_ | [*E(Psin ¢ + Bo(4)]""
Sr = { 0 (1 — e?sin%¢p)>? de

fo (1 — e?sin?p)~3? dd)}
and the mean Nusselt number up to ¢, as

Nu, = (m/¢,)(128/81m)"(Ralla)*S, (18)

In the limit case e = 1, it is noted that an elliptical tube
becomes a vertical plate of both sides occurring condensation.

III. Results and Discussion

According to Lee et al.’s® experimental result for laminar-
film condensation on a horizontal circular tube, the wall tem-
perature distribution is approximately fitted by

F(0) =1 — A cos(8) (19)

Similarly, for general elliptical tubes, its wall temperature
distribution can be approximately assumed or fitted by

F(¢) =1 — A cos(d) (20)

Representative numerical results for the above case of cosine
distribution of wall temperature will be illustrated and dis-
cussed. It is noted that 0 = A = 1; the amplitude A depends
largely on the ratio of the outside-to-inside heat-transfer coet-
ficients.

Equations (12) and (14) have been evaluated numerically
for different values of 1/Bo, and A at any s, and the result
for e = 0.9 is shown in Fig. 2. In the upper half of the tube,
the additional effect of surface tension forces due to the de-
creasing surface curvature makes the condensate film thinner
than the one without considering the effect of surface tension.
Consequently, it leads to increasing in the heat-transfer coef-
ficient. However, in the lower half of the tube, there exists
a reverse effect of the surface tension force on the film flow
due to the increasing surface curvature. Thus, the condensate
film will accumulate and drop off more ahead in the lower
half of the tube than that in the case of 1/Bo = 0. Hence,
for the cases 1/Bo # 0, one may see that §* goes up to
infinite value before it flows down to the bottom of the tube;
Nu goes down to zero before it reaches s = 1.0 or ¢ = 7.
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Fig. 2 Dimensionless local film thickness and heat transfer coefficient
around periphery of ellipse.
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Fig. 3 Dependence of mean dimensionless heat transfer ceefficient
on ellipticity or semi-axes ratio.

It is also seen that the local film thickness decreases signifi-
cantly with increasing A. Thus, the local heat transfer coef-
ficient increases as A increases in the range 0—1, as shown in
Fig. 2.

According to numerical results from Eq. (17), the mean
heat transfer coefficient is almost unaffected by changing A
as shown in Fig. 3. However, Nu increases with increasing e,
very slowly at small e, and at much greater pace at large e,
which agrees well with Karimi’s® finite difference solution.
For a cylinder, e = 0, the reduced result also coincides with
Memory and Rose’s* solution. Next, the overall mean Musselt
number is nearly unaffected by surface tension forces a: small
ellipticity, but is somewhat influenced at large e. For exaple,
e = 0.9, its overall mean Nusselt number decreases up to
16% as the value of 1/Bo goes from 0 to 0.01. But from Eq.
(18), the mean Nusselt number up to ¢, for 1/Bo # 0 cases
is less than that for 1/Bo = 0 within 2%. This difference is
caused by the neglected contribution due to & going up to
infinity for the region after ¢ > ¢, However, the convective
heat transfer coefficient due to single-phase laminar flow after
¢. is much less than condensing heat transfer coefficient be-
fore ¢,. Therefore, one may see that the above difference for
0 = ¢ = & will actually lie between 2—-16%.

IV. Concluding Remarks

Since the Nusselt (gravity drained) mode' overestimates the
mean heat transfer coefficients, it should be modified by the
present model using both gravity drained and surface tension
drained. Although the horizontal elliptical tube with vertical
major axis has higher condensing heat transfer coefficient than
circular tube based on the same condensing surface area, its
use may still not be justified at present due to the possible
increased cost. Next, the result is quite straightforward and
easily applied to a first approximation for condensation on
an inclinded tube since a vertical plane passing through a
circular tube yields an ellipse.
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Transient Thermal Mixing Following
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Introduction

HIS Note presents the results of an experiment designed
to measure thermal transients induced by a sudden trans-
verse injection of a fluid into a main flow of different tem-
perature. Mixing problems of this nature are commonly en-
countered in such industrial applications as chemical processing,
petroleum refining, and electrical power production. For ex-
ample, in a boiling water reactor (BWR) of a nuclear power
plant, reactor cleanup water is injected into the main feed-
water flow. The cleanup water line is mounted transversely
to the feedwater line. The temperatures of the main flow and
injection flow are, in general, different from each other. A
mixing region exists downstream of the injection point, wherein
radial, circumferential, and longitudinal temperature gra-
dients exist in the flow. During startup and shutdown oper-
ation, large temperature and flow rate changes occur in the
mixing region. The transient fluid temperatures are strongly
coupled with the pipe wall thermal response.
A search of the existing literature indicates that although
a large number of references have been published on thermal
mixing problems, very little work has been conducted on tran-
sient thermal mixing for transverse injection in cylindrical
geometry. Pryputniewicz and Bowley® presented the temper-
ature characteristics of a hot rising plume as a function of
discharge Froude number and discharge depth. Salzman and
Schwartz? investigated the trajectory and dispersion of a solid-
gas jet injected into a transverse stream. Kamotani and Greber?
and Chassaing et al.* examined the longitudinal and transverse
distributions of velocity, temperature, and turbulence inten-
sity of turbulent circular jets issuing into a crossflow. Wu et
al.® studied four slotted cross section jets in crossflow and
compared their behavior with circular jets. Unsteady jets were
also investigated. Oosthuizen® studied the behavior of heated
air jets discharged vertically from ‘“‘shaped” circular nozzles
into still air. Sherif and Pletcher” measured mean and fluc-
tuating temperature fields of a heated jet discharging into
cold water. Andreopoulos® presented mean temperature
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measurements and velocity-temperature fluctuations in a heated
jet issuing perpendicularly into a cold stream at various ve-
locity ratios. Andreopoulos® performed spectral analysis and
flow visualization on a jet issuing perpendicularly into a de-
veloping crossflow. Sherif and Pletcher,'® Andreopoulos,!!
and Andreopoulos and Rodi*? measured turbulence charac-
teristics of round jets in crossflow. Krausche and Fearn'? stud-
ied the influence of injection angle of a round jet in a crossflow
on vortex properties.

Amos and Moody' presented a procedure for predicting
temperature loadings for thermal stress calculations in thick-
walled pipes. It was shown that the longitudinal temperature
gradient in a thick-walled pipe will cause less thermal stress
than would be predicted from thin-walled theory. Konduri et
al.® described an experiment on a one-fourth scale model
designed to simulate the mixing process that occurs in the
feedwater line of a BWR nuclear powerplant following trans-
verse injection of hot reactor cleanup water. The transient
temperature response of the pipe wall in the mixing region
was found to vary in a first-order manner.

Experimental Program

A water flow loop was constructed in order to investigate
the effects of suddenly mixing two fluid streams of different
temperatures. The scale model experiment was designed to
simulate the thermal mixing process which occurs in the main
feedwater line of a BWR power plant. The flow rates in the
main feedwater line and in the injection line were determined
by means of orifice plates which had been calibrated in situ.
Wall temperatures were monitored at different locations in
the test section by means of copper-constantan thermocouples
mounted flush with the pipe wall. For a complete description
of the test setup and a discussion of experimental uncertain-
ties, refer to Konduri et al.**

Two types of transient flows were studied. In the first type,
water at room temperature was flowing steadily in the main
feedwater line while the ‘“‘hot” water was injected suddenly
through the injection line. This type of test is referred to as
hot injection. In the second type, the main feedwater flow
was initially shut off by a valve. Hot injection water flow was
pumped through the injection line, thereby inducing a steady
flow rate through the test section of the main line. The tran-
sient was created by suddenly starting the main feedwater
flow. This type of test is referred to as cold injection.

Thermal Model

In the mixing region, the transient pipe wall response was
found to be first-order in nature, being described by a time
constant 7. For a step change in fluid temperature, the pipe
wall temperature varied exponentially with time ¢ as

(T = TH(T, — Ty)] = exp[~(t/7)] ¢y

In this case, T is the local pipe wall temperature. Note that
a subscript 0 implies a feedwater line mixed value, whereas
subscripts 1 and 2 denote initial feedwater and injection line
values, respectively. The dimensionless time constant is de-
fined by

™ = [(V-/X|(T, — TO(T, — T))] (2)

where V is the mean fluid velocity, and X is the axial distance
from the injection point. The transient mixing in the mixing
region depends on the turbulence level at that point. Because
this is a transverse injection problem, the turbulence level
depends on both the main feedwater flow and injection water
flow velocities. The Reynolds number ratio Re* is defined as
the ratio of the Reynolds numbers of the main flow to that
of the injection flow

_ pViDi/py

* =
Re (ALY @)



