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Dear Mohsen:

This is a follow-up to the discussion concemning the thermal-hydraulics scaling issues at
the referenced meeting. I have spent considerable time in the Purdue University Potter
Engineering Library and going through my files looking for up to-date information on turbulent
natural, forced and mixed convection heat trousfer relevant to external and internal (annular
channel) heat and mass (evaporation) transfer. In this letter I will provide a brief summary on
my literature review findings and highlight my concerns about Westinghouse's approach in
predicting external and internal thermal-hydraulics in the AP600 and the integral test facilities
that I expressed at the meeting. For the sake of clarity, I will keep my remarks separately.

Findings of Review Literature

External

Reasonably up-to-date discussion of mixed convection heat transfer is given by Chen and
Armaly (1] and Pethukhov and Polyakov [2]. Correlations are available for horizontal and
vertical plates, but experimental data under trbulent flow conditions are very limited. The data
are particularly meager for turbulent free and mixed convection under at high Rayleigh or
Grashof numbers for free convection and for high Richardson (Grashof over Reynolds number
squared) numbers under mixed convection conditions.

For example, Siebers et al. [3] correlate their experimental data for turbulent free
convection from a vertical plate by an equation
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where x is the vertical distance, Gry is the local Grashof number based on the local coordinate x
and T, and T,, are the wall and free-stream temperatures, respectively. Their experimental data
extend to Gr, = 1.86x 10'2. These values are higher than the range covered by Vliet (1969) to
which Westinghouse referred (see Figure 1 of presentation by Dan Spencer). The data of Vliet
were obtained under a constant heat flux boundary condition, and, therefore, he used a Grashof
number (Gry) which is based on q,, and not T, - T.. to define the Grashof number. Even if the
temperature dependence of the thermophysical properties on temperature (i.e., factor
(Tu/T2) ) is ignored, the coefficient of 0.098 differs from the value of 0.13 used by
Westinghouse (see Equation 1 in D. Spencer’s notes).

A nuinber of mixed turbulent convection correlations are presented by Chen and Armaly
[1, pp. 14-24 1o 14-26] and rieed not be discussed here in detail. Some of these correlations are
purely numerical (theoretical) and others have received some experimental validation. In
summary, the correlations proposed by Westinghouse (Equation § in D. Spencer’s notes), is
different from those published in the literature. What is probably more significant is that the
local Nusselt number for a vertical plate is considerably higher than for a horizontal flat plate,
and this suggests that Equation (5) in Spencer’s notes can not be used for both orientations. In
addition, there is a need to distinguish between the flows where buoyancy aids and where it
opposes forced flow.

Internal

Heat transfer to fluids flowing in vertical tubes under conditions of mixed (forced and free)
turbulent convection have shown to exhibit marked departures from the case of purely forced
convecion. Significant degradation or enhancement of heat transfer can occur, depending on the
flow orientation and the degree of buoyancy influence. Several state-of-the-art discussions are
available and include those of Pethukhov et al. [4], Aung 5], Gebhart et al. [6], Pethukhov and
Polyakov [2], Jackson et al. [7], Cotton and Jackson (8] and Poskas and Vilemas [9). Some of
these reviews are very extensive and may include as many as a hundred references. The review
by Aung [5] cites 87 references and the one by Jackson et al. (7] is probably the most complete
and cites 99 references. Unfortunately, the extensive experimental data reported are for vertical
pipes and not parallel plate channels and fluids other than air.

For ascending flow in a uniformly heated vertical tube, an implicit expression for the
Nusselt number ratio, Nu/Nug (Nusselt number for mixed turbulent convection Nu to Nusselt
number for forced convection Nug) has been recommended by Cotton and Jackson [10] of the
form
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where the + sign applies to descending flow and the - sign to ascending flow. The buoyancy
parameter B is defined as
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In Eq.(3) Gr" is the Grashof number based on the wall heat flux q,, (i.=., Gr" = gBq,D*/k,2), and
Re is the Reynolds number based on the diameter D as the characteristic length. The Nusselt
number for forced convection, Nug, {5 calculated from the Dittus-Boelter equation,

Nup = 0.023 Re’® pr0¢ (4)

Ljoation (2) has been compared with a body of experimental data for turbulent mixed
convection heat transfer to gases in tubes. The details can be found in Cotton and Jackso: [10],
Jackson et al. [7] and Poskas and Vilernas [9].

The buoyancy parameter B defined by Eq.(3) in the turbulent mixed convection regime is
based on the consideration of the modified shear stress distributions which occur in the near-wall
region in response to buoyancy forces. Both the buoyancy parameter B and the semi-empirical
equation for the Nusselt number ratio, Nu/Nug, given by Eq.(2) are derived on the assumption of
fully-developed hydrodynamic and thermal conditions; however, in ascending mixed convection
flows, very long development lengths (=100 D) are found to occur both experimentally and
numericaliy [10]. It should be noted that Eq.(2) gives a discontinuity in Nusselt number for
heated upward flow when Gr'/Re*“ZPr%® - 3x107. The published results show that in
ascending flow heat transfer may be either impaired with respect to forced convection (at
moderate wall heat fluxes) or enhanced (at high wall heat fluxes); whereas, in descending flow,
heat transfer is enhanced at all imposed heat fluxes. The results reported here raise technical
issues concermning the validity of the computational mixed convection heat transfer model
employed by Westinghouse to calculate turbulent mixed convection heat transfer in the annulus
between the containment shell and the air baffle (see Equation 5 given in the notes of D.
Spencer).

I was not successful in identifying any theoretical or experimental results for turbulent
mixed convection heat transfer in an axisymmetrically heated vertical duct that is formed by one
uniform temperature wall and one adiabatic wall. This physical situation would be quite close 10
the case of a dry containment wall. For laminar flow the experimental local convective heat
transfer results in a two-dimensional axisymmetrically heated vertical channel where represented
by an empirical correlation [11],

1
Nu,/Re} = [(0.296)"+(o.359ki1")"] - (5)

where Ri, =Gr,/Re? is the local Richardson number. The value of n=2.0 gave the best
correlation for the experimental data. The experimental local Reynolds number Re, was based
on u, which is the center line velocity at the inlet section of the duct. Note that according to
Eq.(5) the relevant scaling parameters for local heat ransfer along the heated vertical wall of a
vertical parallel-plate channel are the local Reynolds number Re, and the local Richardson
number Ri, and not the Reynolds number based on the hydraulic diameter (Rey) and the local
Grashof number Gr, as proposed by Westinghouse (see Equations 1, 2 and 5 of the notes
distributed by D. Spencer). No turbulent mixed (combined) heat transfer in an asymmetrically
heated vertical channel could be identified in the published literature.



The experimental work of Kapoor and Jaluria [12] shows that the relevant heat transfer
scaling pararneter is the Richardson (Rir, = Grp/Ref) number based on the width of the slot D
and the horizontal distance L to width D ratio, L/D. Different correlations were obtained for the
ceiling, wall and ceiling plus wall. This suggests to me that the correlation used by
Westinghouse does not contain the relevant scaling parameters. The published results further
show that the Nusselt number is not a monotonically decreasing function of the distance along
ceiling and wall as measured from the slot. This indicates to me that the correlation used by
Westinghouse would not capture the correct trends of the heat transfer coefficient variation along
the dome and cylindrical part of the containment wall.

Validity of Heat and Mass Transfer Analogy

Relatively little research attention has been focused on the heat and mass transfer analogy
which is being used by Westinghouse (see Equation 7 in notes provided by D. Spencer) to relate
the mass transfer coefficient to the heat transfer coefficient in the annular gap. Greiner and
Winter [13] studied theoretically and experimentally the defects of heat and mass transfer
analogy for laminar and turbulent forced convection along a horizontal flat plate and showed that
significant defects in analogy exist when the normalized driving force of the evaporation process
is relatvely large. To eliminate the effect in the heat and mass transfer analogy a correction
needs to be made in the film theory of Ackermann. This suggests that the heat, mass and
momentum correction factors used by Westinghouse may not be appropniate.

Technical Issues

A number of technical issues were raised at the meetng concerning Westinghouse's
approach in modeling intenal and external heat transfer in the AP600 containment. Here, |
would like to repeat in writing some of the questions I raised at the meeting, provide relevant
literature citations and elaborate on my technical concemns.

. The correlation used by Westinghouse for external mixed convection heat transfer
[(Equations (1), (2), (5) and (6) in the notes of D.R. Spencer] are inconsistent in form with
published correlations [1, 12] (see also Equation 5 above). The relevant scaling
parameters are the local Reynolds (Re,) and the local Richardson (Ri;) numbers, and the
location of the coordinate axis x needs to be clearly defined for the correlations to be
applicable.

2. What are the relevant thermal-hydraulics scaling parameters for buoyancy (temperature
and concentration difference) driven flow in the downcomer and the upcomer of the
PCCS? Westinghouse has made no attempt to identify the relevant scaling
(dimensionless) parameters for the physical system considered. For buoyancy driven flow
the Reynolds number is not a relevant dimensionless parameter, because the velocity is not
known and hence the Reynolds number can’t be specified a priori.

3. For internal mixed convection in the channel formed by the containment wall and the air
baffie, the combined (free and forced convection) Nusselt number used by Westinghouse
[Equations (3), (4), {5) and (6) in the notes of D.R. Spencer] is inconsistent in form with
the published results [2, 5] for internal mixed convection (see also Equation 2 given
above). Equation (4) used by Westinghouse is for forced convection heat transfer along a
vertical plate (i.e., when the effects of buoyancy are not impontant) and not for flow and
heat transfer in a vertical, parallel-plate channel after the two boundary layers on the
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vertical walls have merged. | am afraid that Westinghouse is attempting 1o force their
integral test data results to match correlations of highly questionable form that have not
been used previously in the published mixed convection heat transfer literature [2, 5].

The heat and mass transfer analogy defined by Westinghouse [Equations (7) and (8) in
notes of D.R. Spencer] and its modification to account for evaporation/condensation are
based on a laminar film theory [14] There is no evidence in the literature, at least that |
could find, to suggest that these corrections are ~ppropriate for physical situations relevant
to AP600 PCCS. 1 feel uncomfortable with the equations used by Westinghouse, because
the corrections are of theoretical nature, have not been developed for turbulent flow and
have not been validated for the problems being considered. I am concerned that the
analogy (as it now stands) is being misapplied, and I do not have much confidence in its
use as it now stands. My question is how can Westinghouse address my concems?

Please do not hesitate to call me if you or NRC have any questions or I can provide any

additional information.

Sincerely,
t'u%f‘z
R. Viskdnta
RV/fb
P.S. I am enclosing with this letter some of the papers that I have cited in my remarks. Some

references are just too long to be copied in full.

£
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15+40 MINED CONVECTION IN INTERNAL FLOW

Indicauons are that for buovancy-aded fiow, the mechanusm of transiuon 1y simular
{0 tha! in boundarv-laver fiow over a flat plaie Here. wransiuon conysts ol the
appearance of regular oscillauons which gradually grow in extent and ampliude unit}
the disturbance breaks into fluctuaung mouon that is charactensuc of turbulent fion
For buovancv-opposed fiow. transiuon consists of an asvmmetnc flow (resulung from
an onpnallv svmmeinc fullv developed flow) which gives nse 10 reversed flow on onc
side of the wbe The extent of the reversed Alow increases in size as Gry/Re increascs.
leading 10 ap eddving flow The wransiuon 1o an eddving mouon occurs suddenly

The fiow oscillanons that accompany the transiuon process lead 1o fluctuauons in
wall iemperatures. and these can in 1um be used 1o indicate transiuon. Using thi
approach. Haliman [12) found that for buovancyv-assisted. hvdrodvnamucally fully
developed flow (at wwbe enwrance) in a UHF verucal circular tube, the locauon of
transiuon depends on the heaung rale and the flow rate Al a constant flow rate. an
increase in heaung rate causes the point of transiuon 1o travel upsiream (1.¢.. down the
wbe) 1f the heaung rate is beld fixed. increasing the flow rate moves the transiuon
point downstream. Based on Hallman's daia. the following correlaton may be used 1o
predict the Jocauon of transition:

Gr, Pr = 2664 G2' M (15.70a)

15.5.2 Transitional Flow In Horizontal Circular Tubes

in a horzontal circular twbe. the transition to turbulent flow 1s strongly affected by the
presence of secondary flow. With a high miual turbulence level at the entrance 1o the
tube. the onset of secondary flow tends 10 suppress the turbulence, while at # low 1uual
turbulence Jevel, secondary flow tends 1o increase the turbulence. Consequently, when
the initia) turbulence level is low, the expenmental cnucal Reynolds number Re,.
defined as the value where an intermutiency begins 10 appear in the flow [43]. decreases
with Re Ra® but can be greater than 6000 at Re Ra® = 1.5 x 10%. At a high level of
initia) turbulence such as that assocated with a turbulence generator, Re, increases
with ReRa* but is only about 2500 at ReRa® = 1.5 x 10*. For ReRa® < § x 10°
with UHF tubes, Mori et al. [43) recommend the [cllowing equation when the iniual
turbulence level is Jow:

Re

Rs =
& " 1<014 x 10 *ReRa*

(15.70b)

In the above. Re , 15 the enucal Revnolds number without heating and can be more
than ¢ umes larger than the hugb-nitial-intensity enucal Revnolds number of ap-
proxirnatelv 2000 [80] Mon et al [43) obtained a value of Re,, = 7700, For high iuual
turbulence levels, Mon e1 al [43] recommend. for UHF tubes,

Re = 128(ReRa*)'" (15.70¢)

15.6 TURBULENT MIXED CONVECTION IN DUCTS

For veruczal upward flow in turbulent mixed convection in beated tubes. fairly well:
established critena for the onset of buovancy-induced impairment of heat transfer are
available No sausfaciory correlating equation, however, is available vet for the beat
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TURBULENT MIXED CONVECTION IN DUCTS 1541

wansfer. In downflow. a sausfactory correlation now eusts. For horzontal tibes,
experimental ewdence indicates that the effect of buovancy is neghigible in turbulent
flow.

15.6.1 Vertical Ducts

From the quanutative informauon presented in Secs, 153 and 15 4. 1t is clear thatn
lamuinar mixed convecuon 1o a vertical duct, the heat transfer is improved ( by wirtue of
\he increased veiocity near the wall) for aided flow but is worsened in opposed flow
(since near-wall velociues are reduced). The situation 15 quite different n turtulent
flow. where the heat transfer is someumes less than the pure [orced-convecuon value
when natural convecuon aids forced convecuon. and where 1n opposed flow the heat
wransfer is generally larger than the corresponding forced convecuon value.

The phenomenon of heat transfer imparment 10 vertical heated upflow cun be
explained by a two-laver model [81] In this concept. the fluid in the laver close (o the
heated wall expenences a buoyancy foree owang 1o the reduced density. Acung o the
direction of mouon. thus force tends 1o decrease the shear siress i the laver away from
the wall. Consequently, turbuience production is reduced across the tube, resultng in
laminanzauon. A simple approximate analysis [82] leads to the followang cntenon for
the onset of buoyancy-induced impairment of beat transfer:

— 5 107* (15.71)

where U= g(p, = 3)D}/(p»*). The integrated density p is defined as

1 .y
5 15.71a)
T- 1 Th )r- d dT ( ’

D=

In tubes heated at specified fiuxes (UHF), the beat transfer impaurment leads to
sharp peaks in the local wall temperatures. which have been observed bv Ackerman
[83), among others. The thermal impaurment does not persist at higher buovancy.
however. since the shear stress changes sign and energy inpuis 1o the turbulent meuon
siart 10 increase. as does the thermal performance of the tube As a resuit. in
buovancy-aided flow, the heat transfer from the tube is impaired in the low ranges of
the Grashof number. but recovers and mav even exceed the pure forced-convecuon
value at high Grashol numbers. Quastilauve evidence of this behavior has been
reporied ongnally by Fewsier (84] for upflow of carbon dioxide and water al
supercritical pressures. Figure 15.22 shows the situauon in which the temperatures of
the UHF wall are below the pseudocntical temperature, the temperature al which ¢,
becomes maximum. 1t may be noted that the cmienon of Eq. (15.71) is supported by
the data shown in Fig 1522 Included in Fig 1522 are the UWT upflow data of
Herbert and Siems (3], of which more will be said laterin this secuon,

For turbulent muxed convecuon in buovancv-opposed flow in verucal UHF wbes,
the heat transfer is generally enhanced over that for pure forced convecuon. A
semiempincal equation for this ©.iuaton has been developed by Jackson and Hall [£2):

Nu Gr oahin
oS 1*2750(71}7’ J (15.72)
r \ ]
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10
« DATA FROM FEWSTER (84
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|
Nu i
N
Y oy0k -
|
|
0.1 .
10~? 10~ 10-° T 10-3
L
Re27

Figure 1822, Average Nussel: number for buovancyv-asusied turhulent llow, normalized with
Nusschl number for pure forced convecuon surbulent flow, 1n a verncal abe
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EQUATION (15.72)
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Figure 1523, Average Nusseli number for buovancv-opposed turbulent flow, normalized with
Nussclt number for pure forced convecuon turbuient flow. in 2 verucal tubc

Thus cquauon 15 compared with expenimental data for supercnitical-pressure waier in
Fig. 15.23
For verucal wubes at UWT, in the tugh Re ranze, Herbert and Sterns 3] have found
that buovancy effects on the heat transfer are negligible in aided turbulent muxed
convecuon when Re exceeds a certun apparent cnucal value Re, . Their dau were
based on expeniments with water. wath Pr varving from 1.8 to 2.2 and Gr, from
20 x 107 10 2.6 x 10, approximately. The value of Re,. may be calculated from the
following equauon:
Re, = 3000 + 0.00027 Gr, Pr (15.73)

Thus. when Re 1s greater than Re,, . the Nusselt number is piven by the correlaton for
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pure forced convesiion When Re < Re,,, Herbert and Sterns (3] suggest the following
correlation for buovancy-uded turbulent Aow:

Nu = 8§ x 107 {Gr, Pr)'”* (15.74)

This equauon should be used in the ranges Re = 4500 to 15.000. D = (10127 10 0.0254
m. L =025 to 330 m Pre18 to 2.2: and Gr, = 3 X 10* to 30 ¥ 10", For
buovancy-opposed turbulent convecuon. the data of Herbert and Stemns [1] indicate
that buovancy effects may be neglecied for Re > 15,000. For Re < 15.000. the data are
correlated by the equauon

Nu = 0.56 Re ' pr®* (15.75)

which gives vaiues higher than those for pure forced convecuon for UWT tubes. In
Egs (15.73) 1o (15.75). all properues are evaluaied at the film temperature. Using the
raw cxpenmental data given 1n (3], compansons may be made between the Nu/Nuy
results of [3] wath those of Fewster (84) and Jackson and Hall [82). These compansons
are shown in Figs. 13 22 and 15.23. The agreement is very good To effect conversion
between Gr used in [82) and Gr, used in (3], the followang approumations have been

made:
B"P/
po-pm=pB(T.=T)
T. - T,
« pfi—

-

P .~ T
P 3

s -p) 0
Cr = 8(9:._ ‘0)

pr°

_ ghe(T. - T.) D

o

Gr

-
-

In the above the overbar designates the arithmetic mean of the values a1 the inlet and

outlet of the tube.
For veruical ubes at UWT in the low Re range. the turbulent mixed contection Nu

is independent of Re in both aided and oppnsed flow. Testing with aur in aded flow
the range Re = 385 10 4930. Brown and Gauwvin (BS] found that Nu mav be predicied
to = 7% in the range Gr = 5 X 10" to 1 x 107 by the following cquation for pure free
convection [86]

Nu-ul)(Gr.Pr)l" (15.76)

For opposed flow in the range Re = 378 10 6900, Brown and Gauvin [£3] show that Nu
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14.2¢ MINED CONVECTION IN EXTERNAL FLOW

The corresponding corrcianon for the average Nussell pumber can be expressed by

2 R 3
P -1 J Q«L‘Gr.”\‘ b.ll
Nu, Re; "08(“‘1‘ 0. S-TI Res I (14.39)
1 J

It should be emphasized here that the above correiations for verucal plates i1n cross
flow are bouted 1o Awds having Pr = 0.7 and that Awd properues are evaluaied at the
free-siream temperature 7, . Correlavon equavons for fluids with Prandt! pumbers
other than 0.7 can be developed only when the results from analvses and expenments
become avaulabie.

1410 TURBULENT HEAT TRANSFER CORRELATION§
FOR FLAT PLATES

Reported studies on turbulent heat transfer in mixed convecuon are lacking in the
bteraure. Turbuient muxed convecton on vertical and horizonial fiat plaies under the
UWT conditon has been analvzed by Chen e1 al [34,25] by employing a modified
miung-length mode! that accounts for the buovancy-foree efiect Their calculations for
Pr =07 wield local Nusselt pumbers tha converge 1o the Lmut of pure forced
convecuon. but underpredict by 20% the svailable results in the Lhmit of pure free
convecuon. The local Nusselt sumber for turbulent fow over a flat plate under UWT
for 0.5« Pr<10and 5 x10° < Re, £ 5 x 10" is piven by |36)

NuRe *" = 0.0287 Pr0* (14.40)
The local Nusseli sumber {or turbulent free convecuon along an 1sothermal verucal flal

plawe for all Prandu pumbers and for Gr, 10 10*° is correlated by Churchill and Chu
[37) as

(14.41)

0_49‘_' /18] =16
Nu,G:,‘“"-'O‘lsPr’"’[l*( ) ]

Pr

For wrbulent free convection over a heated horizontal fiar plate facing upward, the
local Nusselt number for Gr, Pr > § x 10" is piven by Fujii and Imura [38] as

Nu ,Gr 7 @ 013PH7 (14.42)

Equauon (14 42), obtaned under pesther the UWT por the UHF condiuon. was also
venfied later by Imura et al. for an 1sothermal borizostal fiat plate [39]

I Eg (14.12) 1s emploved 1o propose a correlation for the local Nusse)t number 1n
m:xed convecuon. the resulung form is

lim

Nu, Re | G(P) [ Gr, \'?|
‘3 ( (14.43)

Fiby | F(Pr) | R

where F(Pr)+ 0.0287Pr° and G(Pr) = C.ISPA/7[1 + (0492/Pn)*/ ') 16/ (o ,
verucal plate and 0.13Pr'” for a borzonial fat plate. The asalvical local Nusselt
oumbers of Chen et al [34,35) for Pre 07 agree fairly well with the proposed
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Figure 14.21. Companson between measured and correlated local Nasseit numbers turbuleni

ar flow across a vertical Rat plate, UHF [31)
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Figure 14.22. Companson between measured and predicied average Nussell numbers: turbulent

ar flow across a veruca! flar plate. UHF [23)
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INSTABILITY AND TRANSITION 14.27

in the range § s Gr,,/Ref < 30, wath Re, < 2 X 10*, Gr*, < 2 x 10", and 40 5 T,
< 600°C.

The corresponding expression for the average Nusselt number can be denved and
expressed for Pre= (0.7 as

NURe Pl L( Gry \'“/ T, '“"’1‘1"" 7
Toon | P Rees - ~ 44
0031 l " ,’ | Rc;l,” ) ‘\ T¢ ) (] )

with n = 4 providing a better fit than n = 3.2,

Figure 14.21 illustrates a companson between the measured local Nusselt number
for a verucal flat plate (L = 2954 m and /4 = 3.030 m) in cross flow of air [33] a1 three
(x.2) Jocauons, as indicated 1o the figure, and the proposed corrclation equauon
(14.46). A companson between the measured average Nusselt number over the entre
plate and the correlauon equauon (14.47) is shown in Fig. 14.22. As can be séen from
the two figures, the proposed correlations for both the local and average Nusselt
numbers agree well with the experimental results. In Egs. (14.46) and (14.47) all fuid
properues - evaluated at the [ree-suream temperature T,

14.11 INSTABILITY AND TRANSITION

Buovancy forces play a significant roie in affecting the laminar flow regime in mixed
convecuon. Theit presence may enbance or diminish the stability of lamunar flow and
hence alter the transport charactenistics of the mixed convection regume. The instability
of laminar mixed convecuon flow and its subsequent transiuon 1o turbulent flow can be
induced by the wave mode o! wstability, by the voriex mode of instability, or bv both
modes. One of the major entena for use in determuning the incipience of the instaoility
in lamupar mixed convecuon flows is the relauonship between the critical Revno'ds
numoer Re, , and the enucal Grashof sumber Gr, _, that is, the relauonship between
the munimum Reynoids and Grashol numbers that will cause the jaminar fiow 1o
become unstable.

From the analyses of wave instability by the linear theory. 1t has besn found that for
a suong forced flow with weak buovancy force. an aiding buovancy foree has a
stabilizing effect oo flow along a verucal plate (40), but a destabilizing effect on flow
over a borzontal flat plate (41] These trends are both reversed s hen the buovancy
force opposes the forced flow. For the laminar tuxed convection flow adjacent 10 an
inclined flat plate. an increase in the inclinaton angle from the vertical has a
destabilizing effect for an aiding buovancy force, but a stabilizing effect for an
opposing buovancy force [42] For a surong [ree convection flow with verv weak forced
flow along a verucal flat plate. an aiding free stream has a swhilizing effect. whereas an
opposing {ree stream tends 1o destabilize the flow [43),

The analvsis of vortex instability by the Linear theorv for mixed convection flow
over 3 healed. isothermal. horzontal flat plate has provided the relationships tatween
the cnucal Revnolds number and the cnucal Grashof number as Gr., JRel - 0447
for Pr = 0.7 and Gr,_,/Re’’" = 0.434 for Pr = 7 in the Revnolds number range of
10’ < Re, , 5 107 (44) On the other hand. expenments on isothermal. heated. hon-
ontai flat plates prowde relauonships for the onset of vortex instability as
Gr, ,/Rel’} = 192 for air (45) and Gr, ,/Re)”> = 46 10 100. with an averaze value of
78. for water (46] Thus. for a given Revnolds number. the linear theory predicts a
much lower cnucal Grashof number than that observed in expenments. ln anouwner
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BUITARTY IFPECS OF EAT ANSTEE IN PORCII JHANNEL FLOWS
Z.8.7etukhov &zi A.F.Folyakov

sretisuie for High Tezperatures, USCE Acklely of Sciences,
moscox, USSR

‘ 0.6 s 2aTynenkoe
Eeat &ni Less “ransfer Instizute, BESR Acalemy of Sciencts,
Minsk, USSE
ABSSRACY theoretical ssudies or kept transfer ancd

~ne zaper ‘iscusses the resulss of
exseranertal anc cocputetiona. ans theo=
resicgl gTudies :f forsrdé lamizar and ture
bu.ent Z.2%s anc neat t znsfer iz cian-
neLt unces the comditisr s of &= essential
busvaney €-fect. The zalin &TIEnILON LS Ei=
ver %0 urmard ani dowmward tuTouiens Mmow-
#iez of lizuid iz heatzec ver<ical tubes.

The touncari.es anié characier of ther-
sozravitational forces elfect on Te.0ci=~
ty ané tecperature cistribution, feivtion
recistance and l1ocal heat transfer are
deter=inei, selationsnips for calsulation
of boundaries of the gravity Zorce Ilield
eliect are generzlized,
In 4he case of a zurbulezt 210w, the
ducyancy €2fect sn the averaged ZZow and
or Zlustuating totion &re ama.yze:l,

. annRODUCTICK
*n +-p pourse of Zevelorzert of the

mneive REES LTOrE.Ec tneOTv, =at prob-
lgns ¢f forced &nc ZTee cOnVESsTiCT EeTre

tuazies iniepencent.y, waile 2aeix 2ombie
ngs e#sZecy y ¥Ste.4) No: Stutied at
8., -3 ra$ Onlv TETETTLy TA2%T o3 becane

CLgr *vze =np --zp-mc-i0n O -O-cec and
2=se convection =2y be of essence. at the
GET. 1€ ET2i€S C. 5 > entyrtige~
tisn, T£¢ Zaln t-;has.s was .Jait or lamie-
pas soXxe: tonvecls s o ii Te-oulent
favmpr 7. oWE TNE DUOVALCy Eeciit ¥as cOn=
§.8T€L LTTeievVEtt. 4L L8CT, Sniy Guring
“ne 128t Z.7teer years it becane clear
erz+ 4= surbuleszt ligquid flows ir tudes
ane e7%p2% 02 Zree cozvectiorn may be not
osly perceptible, but, uncder cersait con=-
diiong, =&y governm tine charattel o2 flow
gri heas transfer, “he incressed Tequire~
mezts icrosed o the ascuracy of cetermi-
rezios ¢f temperature Iilelds and nest
slizes, sasticularly iz such fields of
tesznciogy 28 pipeline tramspor, ~ocket
uilding, 2erotiernoozTics aré zauy othels,
gave &n izpetus To Juriner develcpnent o2
such invest.igations.

B sk gview perer, the results of
exderinertal as wel. calcu.2tior and

ase c. DbOoti .amiZal
Ler: miyxec corvection 4 oo4k
cranne.ls &r¢ ciscussec, “he DELDh Biternti~
8F Tt fiver z0 the cases c¢f Tlows in horie
zortal ang véTtical rlane ctanneis of
sounc crnes~-sectior ,Toanl tubes, . These
C2BEE ELre nt DOSt LniECEfw.NE ACT prace
+ice and &r¢ the moest cszprehensively
s=udied ones. The problexs of flow stabdi-
1ity gre c=iztec from the JlscusElong
studies persaining %o othsr ckannel cenli-
gurations azi consicering additioczal el=-
fects on the flow, such 28 variatility of
physicel rroperties, unsteady=-state and
otners, a=e zoucheé upor trielly. among
the irfozcazion on sae *opic available
to the authese, the zaiz attentios is gi~
ver to the fsudies containing the Tost
conclusive results and conducted curing
the lest cecade, The revier also ceals
wi4h she results ottaired by the authers
and reflecss their sciexztific intereste.
furt-es on, incocrreseible chemical-
1y hosogesecis mec.a Wi.. D¢ cons.cerec,
wo0Ee CELSC~: TR0k o8 * suxction
0 JesiesEi.c¢ Biock. € EEEUTpILons
adopted give that Leotaes=al compressiti~
149y 02 4=e redium witl pressure varisti-
on is nez-ec ed, in COnTTRSt O tlerzal
exparsion cuie 0 the TETPEIBRIUTE Varla-

+ion of +ne mecius, In oshex wosie, foile

lowinzs 2:;::;a§gc, we £-2_. assume tnat
+0e scllowins linear cejencence ¢tz 0 on 7

igs otservecl:
N———

P a0, 2 - p(2=2,)] (2)

-

z:l#d\at =e.2tively small difZerences
Y

In tae overwhelpming cajority of cae-
ses studied, mixed convection was descIri~
bed withiz zae frameworz c¢f BoussinesQ
approximasica.

Since =<ae depsity variation cue 0
temperatuxe veriatiun slone is cozsidexec,
we shall use salong witk the term "duoyar~
ey forces® le tercs n"smermogrevitational
2orces” and "thermogravitatiozr™, loplyizng
the process developaent in & DopDogeneous
gravizationzl field.




2. LAMINAE FLOW

In Ref.l the results are presented
of investigations of laminar zixed cone
vection in tubes, obtained before 19672.

In subsegugnt xegrl! 2 cunber of papers
WéTe published, dealing with heat trans-
fer— 2 ! g AT =10
13,1524 7 #nd_vertical tubes / 11-18 7,
&HE-TYEU—ih inclined tubes / 25928, 40
Thtoe BTUAI¢E yIeId€d experimental as
well as calculation and theoretical data.

The problems of hydrodynamices and
heat transfer in the case of mixed con~
vection in vertical channels are relati-
vely siople.

A theoretical solution of the prob-
lem of combined laminar forced and free
convection in vertical tudbes for the
thermal stabilization region at gue=const
was obtained for the first time by Ostro-
upov and Hallman /[ 11 /. These and some
other similar solutions yielded analyti-
cal expressions for velocity ané tempera=-
ture distribution, friction resistance
and heat transfer, In the case of coin-
¢iding directions of forced and free cop=-
vection near the wall, i.e. of the ascen~
ding flow in heated tubes or the descen-
ding flow in cooled ones, the velocity
in the vicinity of the wall is increased
with an increase of Gr nusber (liguid
flow rate being constant), and decreased
in toe core of the flow. At a certain
value of the Crashof number, a concavity
appears near the axis, which increases
with the increasing Gr. In the ‘opposite
case, specifically, in a descending flow
in heated tubes, the velocity near the
wvall is reduced and in the midule of the
tube is increased with the increasing
Cr number,

Along with the analytical sclutions
for stabilized heat transfer at Qw=const,
approximate solutions were obtained for
the starting length with the boundary
conditions of the rirst and second kind,
and also numerical solutions of the prob=-
lem of heat transfer over the entire tu=
be length, Numerical solutions on tne
basis of the finite-difrerence metnod
wer: obtained using various simplified
systems of difrerential equations of en-
ergy and motion, Differential equations
in tne boundary layer approximation for
solution of the problem on viscous=gra~-
vitational flow fi.c. laminar liquid mo~
tion with an essential gravity field) in
8 tube were probaniy used for the first
time in /11 /. In tnis paper, ascenaing
and descenaing air flows were studied at
large temperature differences, T,/7(n>5,
woen the gas temperature assucec .arge
values and the voiumetric expansion co=
efficient was small, These studies vyiel-
ded relatively small (witnin 20%) heat
transfer variaztions at the starting
length as compared to the case when the

rass force effect is absent.

This problem in & pore complete
staterent was solved by Collins [ 12 7
The caleoulations were conducted for &
viscous~gravitational water flow in ve
tical tubes using complete two=-dimensi
nal eguations of motion and energy wit
the bouncary conditions teyeconst and
qQw=const. In Fig,l, the heat transfer
calculation results for the case Qw=co0
are shown, The calculations were conéu
ted for the conditions realized in the
experiments carried out by Schelle and
Hﬂnr‘ny [AIChE J-' 1963, V.9, "012_7
on studying the stadility violation in
an ascending flow in a heated tube. Th
Se data are denoted by dots in Fig.l,
the calculations being made up to a co
responding value of X with the assigne
Grq/Ec.

30 ]r

Y
+ Approximate
| \sd\ lamingr flow
Qre0 | \Q:'n.z____J boundary(LFB)
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Pig.l. Calculation / 12 7 of hest tran:
fer in a viscous-gravitational
flow in vertical tubes:

ascending flow, heating;
descending flow, heating:

= Grg/Re = 1904;

v

o = 1176;

© - B00;
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W
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- 240;

6"’ '50“-

Results of expeiizmental and calou.
tion anc thecretical investigation of
heat transfer in an asceading flow in
heated tubes at qu=const show t-at the
local u nucber depends on the reduced
length 2 = (l/Ps)(z/d) and the paramete
(Gg/Re) = (ggd /AVT),[or Ray = gyd*
* (dTp/dz)/16vaj] *; the bucyarcy efle
on heat transfer near the heat source i
essentially smaller than far from the
inlet; with an increase of Grq/Re the
free convection effect on forced flow
Fropagates closer and closer to the hes
source; at a certain distance from the
heat source, the local Nusselt number
becomes stabilized, Stabilization is
achieved at the values of Z which are
the smaller the larger Grq/Re. lLany of

* Te values of Cr,/Re and Ra, are unac
biguously 1nterconacctld. For a wniforn
1y heatec round tube, (Grq/Re) = 4Ray.



the enumerated specific features of heat
+ransfer behaviour are {llustrated in
Fig.l.

. Variation of the Nu number in verti-
cal tubes in the case of coinciding for-
ced and free convection near the wall is
adequately descridbed by the interpolati=-
on equation suggested in L 137

Gr. 0.27
Nu/Mu s (3« E;%) . (2)

where Nup is the Nusselt nuzber in 8 la-
pinar liquid flow not affected by mass
forces with the corresponding values of
the reduced lengtn.

For the parameter B(Z), the follo-
wing relationships are chosen:

B « S.02"3s 3122947 at 2€0.07

B = 240 at "2 »0.07

mhe ezuation (2) describes with th
accuracy of & 8% experimental data on air
and water over the entire tube length,
including the themal starting length.
At 220,07, neglecting the unity as com=
pared to the second term in Eq.2, con=
verts the latter into the interpolation
Hallzan equation for stabilized heat
transfer.

Equation (2) is valid at Z<Zcr. A%
Zel,.ypy the laminar flow stability is vio=

lated. Por Zor = $50%) _» the following
equation was chosen 0 /13 ):

=" ', —008
Lop = 32 .9quxnc) (3)

The values of Z, calculated from
(3) somewcat exceed iDose given in Fig.l
?dots), which 48 due to the different
panner of their determination. In the
first case (Fig.l) they were determined
from the oveginning of the current lines
bending, in the second, Eq.3, from the
beginning of deviation of the local heat
transfer values from the relationships
typical of a viscous-gravitational flow,

Usually, in the course of analysis
of the calcuiation and theoretical in-
vestigation results, the boundary of sta-
bility violation for the case (Bp/02) =<0
is assigned to the parapeters making the
velocity value on the tube axis beconme
zero, and for the case fz)>0, to
those making the velocity gradient on the
wall becoze zero., However, the experimen~
+a) data given in Fig.l and those given
by the relationship %3) show that the
stahility violation occurs puch earlier
than the time when the calculated velo-
eity values become the above-noted spe~
cific ones, Loreover, calculations using
different approximations yield different
results. Thus, in the case of a descen~-

345

W

ding liquid motion in & heated tube, the
velocity gradient on_the wall, according
to the data of [/ 12 7 equals zero at
Gro/Res500 independently of the coordi-
nate z, while the analytical solutions
for a stabilized flow give this value
equal to 32k.

The compleX spatial flow charactez
CRITICITIG S S L H U S
ana free convection =
H?Ti”EEY??'Tﬁ?3Ittttt‘ttrtvt-tntfyftult
sma—aﬁmﬁmm‘?mmd
fﬁiorct1cal‘iTEETTT'E!‘ET!IE‘EU!V'U!T%&
fﬁ'ﬁﬁ?T!EﬁTET‘iﬁS?i‘???’con!uc?‘l‘“!fi;

allowing for -
foundary Layer ap-

-h ’ . - ..o_
lution of the problem on heat transfer
in the tubes horizontally situated in
space and a relatively small thermogra=
vitation effect was obtained. The follo~
wing dependence was derived for local
neat transfer at Qu=congt.:

1 B = -l ~ - =
Nu/Nu e 1oty {1.32:2074(Gr /Re)2 expl-402p

-coaq:-9.1-lo'snaq[locxp(-looz)]Jcon¢linq&
(4)

where O is the angle over the tube cir-
cumference calculated from the upper ge=
neratrix; Y the an le between the axis
and vertical; Ra,=PrGrq.

Equation 4 Satistactotily desciibes
the experimental data on both vertical
and horizontal tubes at 0.6<(Nuw/Nug)<l.5.
It is noteworthy that in the vertical
tubes (Ws0) the Nu nuober depends on one
buoyancy parameter, vit. Grq/Be, while
in the norizontal tubes Gy-%l/Z y OB
another, Rage

Interaction of free and 2orceé con-
vection in horizontal tubes leads to de~
velopment of secondary flows in the pla=-
ne normal to the tube axis, Secondary
flows form & pair of vortices covering
the entire cross-section of the tubdbe, In
the case of a heated wall, the liquid
ascends along the lateral surfaces of the
tube and descends in the central part of
{t; simultaneously, the liquid moves
along the tube axis. Transverse circula=-
tion intensity increases with the incre~
asing Ra number, woile the vortices cen~
tres approach the wall and the ascending
flow is concentrated near the surface.
Thie fact was used in some studies for
a groximate calculation of heat transfer
[P ,10 7. Results of these calculations
adequately describe the experimental da~
ta on heat transfer far from the heat
source at Ra > 106,



Development of secondary circulati-
ons leads to violation in the velocity
and temperature distribution over the tu~
be cross-section, Maximuzm velocity values
and miniguz *emperature values (in the ca=-
se of & heated wall) are displaced from
the channel axis toward the lower genera=
trix. Then heat transfer near the lower
generatrix is essentially increased, and
near the upper one it is decreased, Just
as with the vertical tubes, the buoyancy
effect on heat transfer near the heat so-
urce is comparatively small and then ir-
creases, and at a certain distance the
local Nusvelt nunber becomes etabilized,
This character of the process development
was established as a result of numerous
experimental and calculation and theore-
tical studies for homogeneous boundary
conditions.

rigure 2 displays the calculation
results of / 6 on the circumference~
nvarago number Nu compared to the experi-
meutal data of /31 7. The figure shows
& good agreement of the calculation and
experimental data. It is also clear that
stabilization of the perimeter-average
nuzber Nu occurs at considerably smaller
values of 2 as compared to stabilization
without the mass force effect. In this ca~-
se, the constant value of lNu, is establi-
shed at the values of Z which are the sca~-
1ler the larger Hage.

24 R H
Nu . is.m vo{
20t Ra (Ra,/ra) - ;g‘ -'g‘
sr Rd's 10*
5 & »
nr '
8t -~
|
‘ >
DL sl .
10° o’ D’ !
7 = -2k
d Re Pr

Pig.2. Comparison of the calculation re-
sults of ['62] with the experimen=
tal data of [ 31/,

The data on perimeter-average heat
transfer are generalized in / 31/ by me~
ans of the following equation:

Wu/Na, o[1 oCha/malt))0] 04085, ()

where Nu,(Z) is the Hutsclt number value
in a viscous flow; Rl‘ tha limit value
of Ba determined from the cordition that
Fu number in a viscous-gravitaticnal flow
differs from Nu, no more than by 5%. For

Raét) the following equations are chosen:
n.é"’- 5.10°2") at 2 <1,7.1077
mé”- 1.8°20%455 2717 a4 251,7.2073

The results of calculation of [ 8(1)Y
of the starting dboundaries of free con=
vecticn effect on the perimeter-average
heat transfer are in a good asr!,noat with
the reduced dependences for fié A

At L = o0, Rag'"’=1,8.10%, "and Nug=
« 4,35, In this caic, on the ﬂanil of (5)
we obtain:

Mo = 4.36[1 + (Ra_/ 1.8020%)4] 0045
[ y (5a)

For :wmptotic values of '!TG.. at
Ra,.> 6+10%, the following interpolation
de%endence is suggested in /[ 6 /:

e Ra_ 0,177
Nug= 1.287 (g2 )

Zgisn is quite close to the relationship
a)e

Correspondence between the numerical
solution results and the experimental da-
ta on perimeter-average heat transfer
prompts the possibility of calculating
complex three~dimensional flows realized
with mixed laminar convection in horizon=-
tal tubes., Unfortunately, calculation re-
sults o local heat transfer for the bo=-
undary conditions of the second kind are
not presented in the pudblished papers and
the degree of their correspondence to the
experimental results is not discussed.

The results considered adbove were ob-
tained under the thermal doundary condi-
tions homogeneous over the channel peri-
neter. In practice, the cases are encoun=-
tered, when the condition of uniform tem-
perature or heat flux distridbution over
circunference cannot be attained. “or ex~-
acple, heat flux incicent on the solar
collector tube is distridbuted over its
perimeter asymmetrically. These problems
are close to the proviems of temperature
field control inside the channels, Such
problems arise during laser raciation
propagation in thermohydrodynazic .ight
guides (gas lenses).

In Refs.21,22, the case was conside~
red of a round horizontal tube witn the
heat flux on the wall depencent on the
angular coorcinate

Qy * Qaoll * 8 cosd + csind),

and at tne same time, inadepenaent of the



longitudinal coardinate., Such assignment
of the bouncary conditions makes it pos=-
gible to deternzine the velocity and tem=
perature proriles allowing for the mass
Zorce effect, which satisfy the pre-set
conditions, e.g. which are close tc the
axisymrmetric ones.

In [ 23_/, the prodblem on heat tran~
sfer with the following boundary conditi-
cns was considered: a) constant heat flux
¢n the upper half ol the tube, the lower
one being thermoinsulated; %) constant
heat flux on the lower part of the tube,
the upper one being therzoinsulated.

for these cases, “igure ]} shows the
dependence of the perimeter-average but
invariable over the tube length Nu number
on the Crgq number, In the case of heating
from above, the relationship Nu/Nu, is
considerabiy snaller than 1.5 over the en~-
tire studied range, while with the heating
Zrom below, the vaiues of Nu/liu, reach 6
and 12 for Pr= 0.7 and 5, respectively.
Tor the case of heating Zrom below, the
data on heat transfer are described by
tne relationship lu/liug = £(Rag), while
with heating from above such dependence
is not observed.

The waviness of curves exhibited in
Pig.3 reflects the structure variation of
the secondary flow, Yith small values of
Crq, the secondary flow is represented by
a %air of vortices, while at larger Grq
values this simple flow pattern is trans-
forpsd intc & wore cozplex one, composed
¢! numerous vortices,
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7ig.J. Perimeter-average hLusselt

number / 23 /.

Unfortunately, the restricted length
of this paper does not allow considerati-
on of the studies dealing with mixed lami~
par convection in the conditions cowpli-
cated by the effect of additional factors
and non-Newtonian liquids [/ 35,36 7,

In particular, works [ 32,33,377
consider the effect of unsteady-state,

[ 41,42 7, the energy dissipation effect,
[ 347, the effect of chemical conversi=-

M7

ons, /[ €,11,38,35 7, temperature depen-
dences of physical properties. In [§5,3Q],
the data on Non-Newtonian liquids are ob~-
tained, iz [/ 29,40,44=50 7, on channels
with different crose~section forms, and

in /43, on channels with cross-secti-
ons variable over the length.

3. TURBULENT FLOW

It was assumed until recently that
in & 6F73T3}IB'T“!!UT!UY‘?TS"TI'*EB0l
55057\5") toe buoyancy effect on hydro=-

ap W‘W%Wmmnm-

al, Lxpericental data obtained in the
Xecent hat
d effect

un ce’® ¢ o

an_be rat nant.
It was e‘'tablished experimentally and
thearetitally that under the action of
thermogra 'itational forces variationse
are observed in the velocity and tempe~-
rature fields of the averaged flow, tur-
bulent transfer charactericstics, heat
transfer and resistance.

ihe systeo of equations of energy,

momentux and cass conservation for a ste-
ady-state turbulent flow of an incompres-
sible liguid with constant physical pro-
perties %except density in the equation
for buoyancy forces) in the absence of
intemal heat sources and energy dissi-
pation of an averaged flow is given by:

9ep <u> g—i—f—) . 5%;( l%%L: - pcp<u;1‘;>),

(6)
0¢up  B¢pd 3 Owyp
Q(“Q'Gx.k "6!1’951‘5%'('3-&—1'-
-?(u;u;)). (?)
0 <“k>
TY_E;- =0, (ke1,2,3; 1e1,2,3). (8)

This system takes into account the tur-
bulent transfer of heat and momentum,
respectively.,

let us also write down the energy
balance equation of fluctuating motion:

t s 3(\1.) 5
P9 T5 - "> 8y *PDp 0 (9

er-
. its dissi 4
te Aaction (second

m) are taken into account,

AS can be seen from equations (6-9),
the bUSyancy forces milec €
@veraged, but also the fluctuating flow,




and, hence, the turbul and
heat transier. 1hus, the pftecs of therro-
graviza LIo s

governed by two interconnected effects.
On the one hand, the:rmo ravitational for-
ces cnange the 1ielcs of avera veloci-
NI ETETRTITE VATUrT . Shiih sntasis

variation of the turhulent trangier chae

>-o. - - rmo-
gravitational forces directly-astfect the
motion of turbulent elements of the 1i-
quid, ennancing or weakening the turbu-
lent transfer infensity.

Zuoyancy lorces produce an efrect,
or ratne 2 e tur=
b I at, and,

hence, on the turbulent Prandtl number
(see tne geophysical studies data of /31,
$2 7). Stratitication of turbuient fl.ws
has been studied in the rield of geophy=-
sics over several decades, and the results
obtained predeterminea o0 a large extent
tne approacr to studying of the correspon-
ding rrocesses applied to engineering,
which constitutes the subject of this re-
view paper, The fundamental resylt of tie
theory of temperature-stiratified turbue
lent Zlows consists in cetermination of
the cnaracter ol the gravitation field
efTeCY DN IUTVUIENTCE, X INE THEE 02 stae-
ble density cistribution, the vertical
motion of turbulent elecents 1§ accompani=-
e f J1e
ArehizeddAR TOTCEs, wnich Jeads to the de=-
c ©2 turbulent energy, and hence, of
f:ngIEFT_T?IEET??T In_thé case of unsta-
ble density dlstribution, the Archimedian
N b motion of
turbujent elements, causin ase
in the turbulent energy. lealization of
these effects in nonisothermal Chanmes
éows Zay lead to essential qualitative
change 2 ansfer
us‘?%ﬁﬁrrra-!u—ntzt-trzn!rlrftﬁ'TEE?ﬁar
2loms under SIiEIlar TonUItIUMESTShe first
case OCCurs, ior exe=Sp.e, in horizontal
ChNTIECE WItIrhweteld ULoer sur’ﬁrnjfan:
the BE€CONT, WITH nheate: bottow surface,

0 T Yts, with upward and dovn=-
wa flows in v nnels,
ahe results available on channel

flows show that the efrect of thermogravi=

tational t UTDUIENT %o Y is
nQt sxall as compared to that : e _ave=
rage we. Pepending oo the ccrditions,

both effects are coomensuravle or ore of
them is dominant, In order to extablish
tRE CrEYacY¥Y @nc extent cf each factor,
i1t 18 eXPeTIeNY t0 consir.y nditi-
ons wnich allow their scperate analysis.,
This possibility is p: “vided in the case
ol a ane IBETaE c annel flow, where
theg Se€CO? g=tonvE tTive —LITWE are
absent.

T 2he paraceter characterizing the ef-
fect of density Irnomoséneity In FEF gra-

vity field on turbulence is the itichardson

nunber, Ri = Pr Rf = %Fd'r(c: y writte
- v/ax

—

here in the gradient form, Represent i
Ne Univers pIcal o

tirbulent Tlows rear THE WETIT——
Rt « 70 _42%/az*

Pries (dw*/dx™)*

Gr 2 -f: +
" PrRe’ (??> (dT - ' iy

dw”/ax")

whe re L
Grq- Y w;:v . e ._éﬂ.! .

4 .
Res - 4R%)22 Rel/3
- i - W'-
w -w/V(f'/u y x-%’-ﬁ.

The Joonarisas nupher ie ) 1
ramete ' : 10) it is

local hydrodynacic an
risfics oI The wall Tlow caus
b 4 n ence., In the
homogeneous flows under study, the num
11 changes over the flow cross-secticn
within 3 rather wide interval. The

of thermogravitation force effect on t
bulent wa flow is on the whole Chars

teTizZed By the Hip, Out roined £
the & ensity, qQw, and the Ir

on_s g
derivative

Such detercinatioa of the globdal richa
son number is the most justifiable wit
the thermal boundary conditicn of tze
cond kind assigned on the surface.

3.1, llorizontal Plane Channel

It appears interesting to estircat
first of all, the conditions which tri
ger the gravity force effect on the lo
neat transfer in the channel. This can
done on the basis of the prodlem solut
under the assurption of a szall effect
the Archimedian forces. Froc the solut
carried out in [/ 617 using the equati
(9) for the relatively small buoyancy
fect on the horizontal turbulent wall
flow, the following equations for heat
transfer and friction resistance in th
plane channel at Pr>0.5 are obtained:

U orhn =bpears 2o e
Waetd 20 wechoiax

A -Q\h-r’ a €4 “‘3\0(..
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B
Nu s Nu |1 s T— St Rl.(h SinnRe, =3, 2*8)]
. (12)
r
‘ +
b (£),(1 27 mh (13)

in which the upper signs refer to the ca~
se of stable density distridution, and the
lower signs, to the unstable onel. Bef(Pr)
is the free term in the logarithamic law
for the temperature profile (at Prs=0.7,
Bek), Trom (12) it 4s clear that Riy does
not completely define the heat transfer
variation in the channel with a tempera=-
ture~stratified turbulent liquid flow.
The ratio Nu/Nu, depends on the Pr and Re
nuombers.

On the basis of t e solution obtli~
ned, the ratio Grq/Grg'’ (see [ 54 /) 4
introduced as a paramgter chnracterizing
the degree of buoyancy effect on heat tra=-
nsfer and channel liquid flow, where Grd“
determines the boundary of the l%~varia-
tion of reat transfer and is given by

~uPrRe?* 77 [Rel/8.2 4 (pr?/3.1)]

Cr -“ 1'10 Spl‘*‘l
q tgﬁl*l .1515(—33—)*0.5?:
(1)
derived from (12).
ZXpe % L and

" hydrodynamic characteristics under the

conditions of stable and unstable cdensity
a%ﬁmu
values, heat transier and rlow (z/hk >30,

R BEITE TNE CnAn e I e were conducted
in 3 56 /. Earlier stu en

ma cture
[ 57-59_/ and the open tra 07,

T CXTETINENTAL inves T made

13008 Nere
in [ 83-55 7 for elec tric neat of one
f tne channe] suriaces (Qw -cons the
otner surrace q. «0), The

relulEE 0 velocity r

are resente
dinntes :+ -x v )
ig.4 for di!rerent de otab le
an& a ensity stratification efrect.

Tenperature disawibution is of a similar
nature, It is noteworthy that the denaxty
stratification efTect is noticeabl
ly as at relatively .iarge values of Re,
Rct 5'10“, even with tnc cnannel of mode-
rate uIofneions (hedOmm), This effect is

Qevglggin; beginnin with the a;g! gore
and wi the ipcreasing Gr

10..
buoyancy €TYect desree esr 3 ver the
€T 1o the wall,

witn— 3 tHE buoy=
ancy €r7ect 15 essentially in ed,
which cun vV ETE +4 and the re-
lationship (14). Under the unsteady stra-
tification conditions, the curves are

isplaced downwards from the distributi-

on with indifferent density stratifica~
tion, demonstrating an increase in the
o8 3 -
v “r | 109‘01
°F°° a 1 0’1
| o] .
20 ; =9 al g X3
8 OOA!° !,l Yy 4‘.°
sla® d* | Gr Re™ s
® Reil’ g 14
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ay e wg o 5 3 5
®6 3 %?'*
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A8 66 55
g 53 gg
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' ‘ ! 1 x*
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Fige.4s Velocity distridution in the uni-
versal coordinates near the hea~
ted wall: 1-3 5 - stable strati~-
ficationg 6 - unstable strati-

fication; 11 - calculation using
the Reichardt formula.

popentum transfer. In the case of stable
stratification, the curves W*(x+) are
shifted upwards, demonstrating the momen=-
tum transfer decay and approaching the

veli oity distributions typical of laminar
flows,
4 ] s
P Re 10 Ge /Gr,
ry L ° l.' c‘a ?
3 12 66 55
o 3 61 55
D) = . |
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° °
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! Yoo o ¥ ‘. LY . o ¢
0 | x
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Fig.5. Dependence of the turbulent Pran=-
¢tl number on the dimensionless
coordinate for the cases ¢of neu~-
tral (1), unstable (2) and stable
(3) density stratification.

Figure 5 displays the data obtained
in /557 on the turbulent Prandtl num-
ber (Prre Vo/0p) distribution over the
channel height from the heated wall up
to the values 2x/h=0.5. An essential dif=-
ference in the character of this relati-
onship behaviour is observed with diffe~



rent density stratificatiose. In the ca~ 63,64 / agree well with one another and
ses of neutral and unstable stratificati- WItHh theé LIlison relationahip /7 69 /¢
ons, Pro is slightly decreased from the

value close to unity near the wall to the | (1-ne )2 4
value of approximately 0.8 in the flow | Prme (Px'.,)° ~ig ’ R"cr' p‘i-"(IS)
core, the difference in Fr7 in these c7= | ' er T
ses being small, In the case of stable
stratification, the relationship Pro x*) 1The calculation curve glottod in Pig.b
displays a pronounced maximuz &t 2x/h)= [corresponds to (Pr:{)ou +85 and Rfoy=0.1.
0.2, reaching the value of 3eS5¢:0% va= At the same time, the atmospheric studi=-
lue of Prp being larger than unity at es data obtained by Pruitt [ 62 7 exhibit
stable stratification in the wall region, a considerably smaller increase of Pre
proves a stronger decay of heat transfer with the increasing Ri.
than of momentum transfer in trese condi- The results presented in Pigs.5,6
tions. demonstrate the necessity of 2 more com~
4 prehensive studying of specific features
Pr, a1 of turbulent momentum and heat transfer
) 0-0 in tepperature-stratified wall flows,
d 1-3 channels included.
L) 0-4 40 ! =
: ¥ N
v- ) .
-7 0.0 T4 |
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’ ‘ lﬂﬂq ” - PR A aid 0 ! RL'
) : l %@ﬁe&# . freafented 000 0 001 002 003 004
g T—ororo s A, L et Fig.7. Heat transfer coefficient of the
: ole = i heated wall as a function of the
4 M u 1.2 density startification conditions
2 ! IRi a?d the clicsrn of buoyulxcz force
; : g ¢ eflect: 1 - experimental data;
0° 2 46810 2 46060 2 46810 2 - calculaticn using / 58_7.
Fig.6. Dependence of the turbulent Prandtl 3
nuzber on the degree of buoyancy Figure 7 presents the data [ 53-56_
force effect with stable (1-6) and on heat transfer (Nu-q.?h/LS‘!‘r-Tb) for
unstable (7-9) density stratifica- close values of Ne=(6+8).10° depending
tion: 1-5,7,9 - laboratory studies; on the globu NUDGET Niwe Over the entir:
6!\8 - atmospheric studies [ 62 7; range of the conditions realized inm t!‘u
1D =saleutation using e Jh.ig PECPTRRT Ty ey b i i v P 6
relationship; 1,2,7 = £ 55.7; 3,9= Ri =~ C,008) to the maximum stability
[607; o= 6371 5~ [ 6k ], gh'I U, 035) of o"enlg[mnon,
a“m’gﬁ'mmon of the Lu number
Ixperinental data on Frr obtained 1§ obseTved, URSTEUIT SITETITITW ion
both If THE IITUTATSTy and In natural at- (157213[3§§g§;:3'3:;;nsxrication of heat
BEPNErIT INVESTIZATIONS &Y€ £iven in transier . de~

91 - number 2;::'!.):‘:1!*3.‘1 an:m-

Y Te given for €U FEay TTansTer-Tegint, i.e, the Zlow
m-rtvv—ﬂﬁs', espon= vl a consyantvEIuE of Nu, Ixpericenta
d 0 X . he data are compared with the calculation
d : near the results obtainec using the relationsnip
VETUE PI7®0.85 W1 10% of [ 12 7. With unstable stratification,
i ncy ellect con= calculation and experizental results are
d e

stratifica~ in & good agreement, while in the case
Wiu). of stable stratification, the calculati-
Evidently, 11| =0,01 can be on data slightly exceed the experimental
consicerec as the initiation voungary of ones. The latter fact may be attributa-
the buoyancy effect on the turbulent tran-  ble to the calculation dependence of
l‘(‘&]_é?l‘grl_ﬂfr‘r ect /[ 127 being obtained without taking in-
of unstable straﬁ on, the laborato- to account the considerable variation
7 and atmospheric observati- of Prm.
ons of ¥.Pruitt [ 62 7 exhidbit a weak fhus, the cata available demonstra=-

tendency toward the decrea ~Prp. The te that the bucy ar
data of / B0/ demonstrate a stronger de- essentia €nc LAY _on.turbu=
creage of Prp and yield the minimum va- 1322% in the channels o mf‘ﬂg dimen=

lue Proe0.3 at Rie =0,2, With stable den- & ulent
git distrﬂm..m_mmlfm Ri, transier of comentum and heut, and hence
Experinental laboratory data of / 55,59, in heat release.

350



Pigure 9 displays the experizental
data obtained in / 717 son {urbulent ener-
gy distridution (b= 1/2‘.‘:‘@1 ) i the

borizontal and vertical diametral planes
(the angle coordinate @ is caleulated
from the upper generttrix) at the relati-
vely small ratio Grq/G.q' =12 and with a
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Fig.9. Comparison of measurements results
on turbulence energy with different
degrees of the buoyancy effect:

I - Rest,.3.10%, crq/cr(‘>-1z;
II' R.'l 02 010‘, Grq/Grg ").1100

strong }p!luencc of buoyancy forces
(Gry/Gra*’ =110), In the first case, al-
though 3 certain asymmetry in the vertical

distribution of b is observed, the diffe-
Tences in turbulent energy distributions
in the vertical and horizontal planes are
negligible; in the second case;, i.e, at
Grq/Grq'*’=110, the distribution of b ig

of & qualitatively different nature. In
the vicinity of the upper generatrix, @ «0,
the turbulence decays under tne action of
stable density stratification, and the va~
lue of turbdulent energy in the region near
the wall (l=r/ro< 0,2) here is much smale-
ler, than in the same region in the vici~
nity or tne middle generatrix,dsm/2,

In the vicinity or the lower generatrix,

@ =0, the value of b near the wall is lar-
ger, thar in the horizontal diametral pla-
pe, which reflects the turbulence inten=-
sification under the conditions of unsta-
ble density distribution in the lower por-
tion of the tuve,

It appears that exactly these speci-
fic features of turbulence variation over
perimeter under the action of buoyancy
entail changes in the secondary flows
Structure in & horizontal round tube, VWith
the efrfect of thercogravitation being re=-
latively small, Cro/Grg't #30, the radial
velocity compnent ?n the vertical diesmet-
ral plane is directed along the entire

diameter, while the tangential component
in tne horizontal diametral plane is di-
Trected upwards near the walli and downe
wards in the central part of the flow
(Fig.10,A). This pattern of distrioution

o A 0 O ®

10 2 40

Fig.l0.Determination of the boundaries
of existence of different forms
of secondary flows / 71 7. Velo-
city vectors and provisiocnal sche=-
mes of secondary !lows:

I - Rems,3:10%, cre2.10%
11 .esl.2-20%, oxps5208,

of the velocity vector components cor=
responds to the two-vortex structure of
secondary flows predicted iz / 72 7 and
presented schematically in the same fi-
gure, It s similar to the secondary
flow structure in the viscous-gravita~
tional flow, Under a strong action of
thermogravitation Grq/Grg¥1>50, as can
be seen from Pig.iOE, the rndiai veloci=-
ty component in the vertical diametral
plane in the upper part of the tube is
directnd upwards, and in the lower part,
Just a3 in the previous case, downwards,
At the same time, the tangential veloci-
ty cotponent in the horizontal diametral
plane is absent, while the radial compo-
nent in this plane is directed toward
the centre., Variation of the sccoqgarg
flows structure occurs at Gro/Grg' -S .
35), corresponding to Grq/Re '=(1.5¢2)10
(see the two curves diap?nyod in Fig.10).
These curves dexonstrate variation of
the radial velocity component values at
the two points of the vertical diameter
@e0, Re0.48) and (dex , Be0.4B) s @
function of the parameter Gro/Gr « The
radial velocity component value on the
plot is referred to the axial velocity
component on the channel axis.

Specific features of the flow dis=~
cussed above also determine the charace-
ter of heat transfer, Vith the combined
forced and free convection present in
horizontal tubes, heat transfer changes
over the tube perimeter the dsrongor,
the larger the ratio Grq/Grg''’. On the
upper generatrix, the Nu nugbcr Las the
minisum value, and is decreased with an
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.nerecse of Grq/Gré‘); near the lower ge-
SeretriX, it has the maximum value ang,
increases with an increase of Grg/Crq'’.
= Experipental investigation of local
neat transfer over the length and perime~
ter durinrg turbulent mized convection in
i orizontal round tubes is discussed in

~68,69,75 7+ The experizents were con-
Gucted with water and air agd comprised
tie interval of values 8‘310 & Re &€ 5104,
0.7<Pr<B8; 0.2((3z'q/(}x'él <300,

Nu ] ]
o -
% J r..z
- S vyeyghadeAl o
ST
60 ‘ I [ {l/d]
0 o] W

*ig.ll, Distridtution of the local Nu nup=
ber along the horizontal tube.
Expericental data / 68 J:

1 «P=0; 2 =Pen j I = caleculati-
on .:P 77 .?’ RG'“-95'10“,
Grg = 1.9-107,

Figure 1l shows the heat transfer va-
riation along the upper and lower genera-
trices of the tube accoraing to the data
of [ 68 for the case of relatively small
effect of thermogravitation forces, It
can be seen in this figure, that the buoy=-
ancy erzect increases vith the iacreasing
Cistance from the heat sous~e, which is
due to the thercal boundary layer forma-
tion, That is why in the initial thermal
region the efrect of thermogravitation
forces appears at much larger values of
Crashof number than in the region remote
froe the heat source, The local Cr number
calculated using the parameters in the
tude cross-section, where the relation

(T laac=(Ty )
Nr’ @20 & 13 = 0005
‘L\Tuzo-x° Tyl
s satisfied, 4s interpreted as the limit

one at the given z/d, and is descrived by
‘Le Yollowing depencence:

urél)- Sarél?[l +~§;§ oxp(-z/d)J « (17)

The lines in Pig.ll represent the
calculation results of / 76,77 J which
are in fair agreement with the experimen-
tal data. The solution is carried out
Using the equations of motion and heat
tracsfer in the bourdary layer approxima~
tion and the equations for energy and
lurbulence dissipatior (the k-¢ model).
-he equations describing turbulent heat
transfer were not used. This, naturally,
Cade it impossidble to obtain the data on
'pecific features of turbulent heat trans-

8

fer as cozpared to the momentum transfer.
The absence of similarity between them at
stable density stratification is demons=
trated by the results given in Figs,.S,6,
The solution results satisfactorily des-
cridbe the data of [ 67717 on local heat
transfer under the two-vortex secondary
flow structure conéditions corresponding
to Gry/Gr t'<30 (see Fis.io). and are pre-
sented, specifically, in Fig.ll.

The expcrzmentai data obtained on lo~-
cal heat transfer near the upper and lo-
wer generatrix are generalized over the
entire range of the deterzining parameters
specifiec earlier, by the following empi-
rical relationships:

Nu /Nu = 1 « 0.0BS(er/Grq) (18)
= r " 1,310,048
Nua/"u as -Ll ’(urq/crq) ] y (19)

)

in which Grab is deterrined using relati=-
onship (17). From equations (18),(19) it
follows tnat at larger vzlues of the ther-
mogravitation effect paraseter, Gro/Grdtle
=300, heet transfer on the lower genera-
trix of the tube is by 407 higher than

in a forced turbulent flow, while on the
lower generatrix, the Nug.o number is
swaller than Nu, almost twice.

The efrect of thermogarvitation for-
ces on the perimeter-averaged heat trans-
fer is exhibited to a lesser extent than
that on the local heat transfer, and ap-
ears at essentially larger values of
Srg/Grg't’ | which is proved by the caleu=-
lation results of / 76,77 /.

3.3, Vertical Tubes

In the first papers dealing with so-
lution of the problem of turbulent flow
and heat transfer in vertical tubes in
the gravity force fielc [ 78,75/, the
thermogravitation efrect only on the ave=-
raged flow was taken into account, while
turbulent tranafer characteristics were
taken froo the data on purely forced con-
vection, This approach does not allow &
correct cescription, not only quantitati-
ve, but also qualitative, of the charac-
ter of dependence of the Nu nuzber on the
Gr number, wnich was established in later
experimental investigations / 80-88 7,
Thus, in the case of an ascending flow
in a heated tube, the calculations showed
that the Nu number increases monotonously
with the ipncreasing Or, at Residem, and
decreases in the case of a descending
flow. This character of heat transfer va-
riation qualitatively corresponds to that
in & lacinar flow, At the sande time, the
experimental data prove that in a turbu-
lent ascending flow in heated tubes *he
Nu number first decreases with an increase
of Or number, and then increases; in the
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case of a descending flow, it monotonous=-
ly increases. The noted differences in the
neat transfer behaviour during turbulent
anéd laminar flow make it possible to ex~
pect & considerable variation of turbulent
transfer characteristics in the gravity
¢orce field in the cases considered.

Theoretical analysis of the flow and
hest transfer characteristics under a
gecall gravity field effect on turbulent
1iquid flow in tubes conducted in . 8%,
90 J, made it possible to establish that
the said difrerences in the heat transfer
pehaviour are due to the dominant effect
of buoyancy directly om turbulence at the
initial stage of the process (at Pr>0.5),
as ccmpared to its effect on the averaged
?low, Under the assumption of heat trans-
fer variation only under the effect of
turbulent momentum transfer change due to
buoy?ncy forces, the limit value of the
Gr Y number has been established for a
vertical round tube, which at Pr> 0.5 co-
incides with the eguation (14).

In the case cf liguid motion in ver-
+ical tubes in the gravity force field,
the ascending flow during liquid heating
and the descending one during 1i1ts cooling
are practically equivalent; the ascencing
flow during cooling and the descending
flow during heating are also equivalent.
According to the experimental data avai-
lable, we shall consider further on the
ascending and descending flow during the
liquid heating.

1.4, Ascending Flow With Liquid Heating

The data available on the thermogra=
vitation effect on turbulent transfer in
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fig.12. Distribution of turbulence charac~
teristics over the tube cross-sec~
tion at Re =5300 [ 85 /:

8 =fluctuation intensity of the
axial component; b - temperature
fluctuation intensity; ¢ = turbu=-
lent tangcntial gtresseg; 1 -
Grqe7:10%; 2 = Grq = 1.5+107;

7
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vertical tubes are very scarce., In fact,
+his problem wag never given & systematic

consideration., Some information on fluc
tuating characteristics in an air flow
was obtained in [/ 82,85,91,92 7, Pig.le
displayse the experimental investigatior
results on intensity of temperaturs flu
tuation and axisl velocity component,
and alsc on turbulent tangential stres:
obtainea in /[ 85 7. It can be seen in
this figure that the intensity of the
axial velocity component fluctuations
(Pig.12a) is decreased with an increas:
of Grn at Resconst, provided that the
temgesature fluctuation intensity (Pig
12b) first decreases and then increase
with simultaneous displacement of the
paxioum zrom the wall towards the tube
axis., Similar results on temperature f
ctuations were obtained in [/ 82,91 7.
is clear from Fig.l2¢c that at Re = 5300
the Reynolds stresses, decreasing with
an incregse of Grg, at Cr ®2,2.10
(Grq/Groae23) approach zcgo over the e
tire fldéw cross-section.

20 L
% P
0 -
° a-
% | *
0 1 2 W 0 2 |

Fig.l3.Velocity (a) and temperwture (!
disirivbuviou in ap ascending ar
descending air flow: a)ascendir
motion, Re 5+102; 1 = Gr332.2-2
Grq/Prﬁe“-S-IO‘ 4 Gr%/Gqu-ZB[i

2 = 7.9:107, 1.8:1077, 120 /6§

3 - 8:107, 1.8+1077, 140 / 82
4 = free~convective flow past !
vertical plate, Gree2.101¢ /9
b)descending flow, 5 = Re=2.05

Grqel.2+107/ 66 7, Gro/PrRe’sl
6 = the "=1/3% law; 7 =~ Cr =0
Ascending motion, 1 = Fes§,B¢1

orqe 1.2:10%, Gro/PrRe’s 2.20°

Grq/Grq'V= 18 £ 82 7; 2 = free
convcc%ivo flow ggtt g vertica
plate, Grge 2¢10¢/ 98 7. Desc
ding motipn, 3 - (Gr /PrBo') =
- S-b'IO'g 2'93_7; aq- the *=1
law; 5 = Gr - 0,

An essent‘al change in the chars
ter of heat transfer process in verti
tubes under the effect of thermogravi
tion, in particular, a decrease of tu
bulent transfer under certain conditi
{s demonstrated by the velocity and t
perature distributions presented in t
universal coordinates in Fig.l3. This
figure displays the experimental dats
ot [ 66,82,85,93 7 both for an ascenc
and descending air moticn.



§ith the values of Gr, number (or
sr./6r V) parameter) being relatively smill,

-hd experimental data are situated above
<ne curves denoting the purely forced flow
(Grq= 0), which is due to & decrease in
curbulent transfer. A qualitatively simi-
tar tendency of the velocity profile va~
rigtion is exhibited by the data presen-
ted in Fig.4 for the case of stable densi-
ty stratification leading to the decay of
tsurbulence. While the Gro number increases
under the action of thergogrnvitntion for-
ces on the averaged flow, the velocity and
<emperature profiles are gradually rearran-
ged. The effect of buoyancy directly on
the averaged flow is exhibited in the for-
sation of & maximum on the velocity profi-
le between the axis and the wall of the
tube. Under these conditions, the flow is
characterized by large-scale velocity and
semperature fluctuations. With further in-
crease of the Gr, number, the efrect of
shermogravitatio orces on the averaged
low becomes domirant, and finally, th
nenee convection" rigime is developed in
+me forced flow, In the velocity distribu-
sion, the maximum point between the axis
and the wall becomes more and more dis=-
tinct, and the profile is situated below
the velocity profile for a purely forced
f1ow (see FPig.l3a), approaching the one
typical of turbulent free-convective flow
along the vertical surface, It can be as-
sused, that in this case the temperature
distridution also approaches that at free
turbulent convection, coinciding with the
distridution in a purely forced flow (Cre
«0), as can be seen in Fig,l3b,

The few data available on the veloci-
ty and temperature fields reveal a number
of specific features in transfer, exhibi~
ted in the character of heat transfer va-
riation. Consider the experimental data
on heat transfer in conjunction with the
recently conducted calculation and theore-
tica)l studies / 77,94,95 7 and also with
the results of physical analyeis and ge=-
neralization [ 89,90,96 7.

In / 9%/, an attempt was made to ta-
ke into sccount the effect of thermogravi-
tation forces on turbulent momentux trans-
fer., However, it didn't help to sclve the
problem,

A more adequate approach was deve lo~
ped in /[ 95 7. The system of averageu equ-
ations of conservation, written in the bo-
undary-layer approximation allowing for
toermogravitation forces, was solved nume-
rically. The relationships for the turbu=
lent pomentum transfer coefficient and the
turbulent Prandtl nusber, Prp, were found
from the analysis of approximate equations
of turbulent energy balance and enthalpy
fluctuations intensity, which has made it
possible to account for the buoyancy effect
on turbulent momentum and heat transfer.
Then the thermogravitation effeot is ab-
sent (Gre0), the dependences for V1 and
Pry are o - .rted into the known dependen=

ces,

Resuits of calculation of the Nu
number for the case of an ascending flow
(Pr =5¢7) in heated tubes with constant

[N T

T T [ Theea

?\n I '.“j (]

" - S o
et 1IBH

? | ! _ | 04; 1

o 2 4 b8V 2 « 5810 £ 460

Fig.ls Theoretical calculation results
of heat transfer in an ascending
water flow in a2 vertical heated
tube (ocurves) compared with the 3
experimental data (dots), RewB.107
1=-/807;2=/,8743 =877
Resl04: 4 - /807; S = [ 837
Re = 1.4°104: 6 = ['BO_Z; 7 -[81;
Re = 1,6°104: 8 = /87,

heat flux density on the wall are presen-
ted in rig.l4 as & function of the Gras-
hot nuober determined from the mean-mass
liquid tecperature gradient:

5frg(dTb/dz)
e noay v

The data refer to the region remote from
the inlet (z/d=40 and 100). At small Gr
numbers, the Nu number is independent o?
Grp and is in a good agreenent with the
known dependences for purely forced con-
vection., A further increase of Grp (Re

be ing constant) leads to a decrease in
t!e Hu nucber cdue to a decreasing turbu-
leat transter under the conditions of
statle density stratification, Subsequent
increase of Gra above a certain value
(which is the earser toe higner Re) the
cepencence cnaracter is changed: the Nu
number increases with Or, and is practi-
cally ingependent of Re, This portion of
the curve corresponds to the dominant ro-
le of free convection in the flow forma=-
tion. The calculation results satisfacto~-
rily describe the experimental data.

In & more comprehensive statement,
tne problem or turbuient Iiow and peat
transfer in round vuoem essentially af-
rected by buoyancy was solved numerically
in [ 77J. The case of an arbitrary tube
position with respect to the free-~fall
acceleration vector was considered (see
above ).

A generalization of the experimental
data on heat transfer in a water and air
flow for (z/d4)> 40 18 displayed in Fig.l5.
Experivental data over the entire range
of the deterrining paraxeters variation,
from the flow in the absence of nass for-
ces afrect to the flow with dominant mass
forces efrect ("free-convection® regime)

Cr -Grq/b P.o
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are cescribed by a complex enough ecuatie-
s Y 1

on obtained in [ 96_7. Ve shall consider

@ particular case only.

VGr, /PrRé]
468102 4 680° 2 468107

Fig.15.Dependence of the St number on th
parameter Gr,/PrRe“, Air flow (Pre
«0,7): 1 = etperimental data / 66,
827, 2 - calculation using the
forzula of [ 96 7. vater flow (Pre
=6): 3 - experimental data [ 83 7,
4 = calculatior using the fo
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t.y-¢ values (Cr./PrRe” ) >1¢ and
D o >300, neat transier is descr ved
by tne following equation
/ | 1

pro/ b5 pl/ 4

Nu, = 9 (20)

* 1.331g(Re/8)+3.3(Pr% 7 =0.7)

re denoted
lines. In
iderably ex~
n the absen~
€ values being

The calculations using (
in Fig.l5% with dashed¢ in
this case, heat transfer
ceeds that in a forced f1
ce of mass forces effect
the same ).

"
a

ba |
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Based on the analysis .onducted in
{ 967, 8 conclusion can b. drawn that if
it were not for the buoyan:y effect on
turculenr=, 'he St number variation would
practical.. ollow the dependences deno=-
ted with déa. aed lines.

Freviously, we considered the data
on the buoyancy effect on turbulent Tlow
and heat transfer of ligquids with moderae-
te Fr numbers., In /[ 86,90,977 it is
shown that for liquid metals (Pre<l) this

mo

effect is none the less important. The
turbulent wmomentum and héat transfer coef=-
icients, calculated in /85 7 from the
measured velocity and tezperature profi-
les in a mercury flow, depend both on
lleynolds anda Grashof numbers. The data ob-
tained in the same paper on heat transfer
dezonstrate the character of the relation-
ship Fu(Gr) st Rewconst, similar to that
given in Pig.l4., A decrease in the Nu num-
ber is due, as shown earlier, to a decre~
ase in turbulent transfer unéer the acti=-
on of thermogravitation forces. Deve lop~-
ment of mixed convection in liquid metals,
however, may obviously have its specific
features. In particular, the analysis of
[ 907 sugges‘s that under certain condi-

356

tions (small Pr numbers and relatively
small Ke numbers), the ratio Nu(Gr &t
Re=const may be a monotonously 1ncrnnszm
one, having no point with the Binipum va.
lue. Note that the discrepancy in the ex~
perimental data available on heat transg’e
to liquid wmetals, especially with sma))
urbulent values of Pr, is probabdbly due

0 different degrees of the free convec-
ion effect, wshich was not taken into ace
count in the analysis,

*
N
*

] €
o s

. Descending Flow With Liquid Heating
. Lxperimental results of [ 66,80,83,
88 ./ show that in this case heat transfer
conotonously increases with the inerea-
sing buoyancy effect (Resconst), In g
it 1s shown that the heat transfer incre-
ase is caused by the turbulent transfer
intensification under the unstable densi-
ty distridbution conditions. Jumerical so=-
iutions of the problem conducted & /' N,
957 provea tais conclusion. The solution
results are in fai agreement wita the ex
on heat transfer. Lxperis
the increase of velocity
15 intensity near the cooled
th an increase of buoyancy ef-
fect in an ascencing air flow in a verti-
cal plane channel are obtained in / 92 /.
An increase in turculent transfer is
deconstrated by the scarce expericental
data on velocity and temperature cistridu-
tions [ 66,93 7, shown in Fig.13. Zxperi~
wental data (black dots) are presented in
the universal coordinates against the de~
pendencee (sclid lines) characteristic of
forced flow without the mass forces eflect
The values of Y+ and T+ with the buoyaney
effect are displaced downwards from the
corresponding values at Cr - 0, which is
similar to the results for horizontal
flows under tze unstable stratification
~onditions (see :ig.4).
2 the case under study, which
10 unstable density distribu~
urtulent transfer is erzanced
rease ol Cr, leading t2 th
-nNereasing Iuiness ¢f velocity anc tecpe=
rature proriles anc a corresponding in=
crease of resistance and heat transfer.
“ith strong effret of thermogravitae
tion, & regice is developed, which can be
defined as the regime ~f "thermogravita-
ticnal initiation or tucbulence®., Then
the flow and heat transfer characteris-
tics are mainly governed Ly the intensive
turbulent transfer caused bty turouience
seéreration due to the Archimedian forces
ang not to the averaged flow, In equation
(9), the second term is much larger than
the first., The velocity and temperature
profiles in the turbulent flow core are
given by the relationship corresponding
0 the "=1/3" law, and denoted in Fig.l3
#ith dashed lines, ileat transfer in this
case is given by the following dependence

-

s

-~ 0 =




16 presents the cxpe..weu~g1
local heat transfer (z/d =40

(89 )
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data on tube cross- sehtiznn remute fro
the heat source (z/4 >AO In /1007, ex=
periments were conducted o" a relatively
short tube of a large d‘a'eucr (1/4=3,
de200mm), w”icr revea ed the presence, un~
der ceratin conditions, o! 8 reverse flo
in the wall alyer Jith a relativel
height of the heat transfer length and
small velocity, the forced flow may be
;theu off" from the wall by the opposite
ree~convective currents, converging bey-
ond the heat transfer lengta of the chan~-
nel, A pronounced ‘nhc::geneity of th
tecperature field near the heat source al-
g0 contributes to this. The presence of
secc:ia.; 2lows directed opposite to the
main orced flow in the long channels 1iv
hardly possidle, and the thermal-hydrody=-
namic :is.urtancea developed in the ini-
tial section and causing turbulence in
*n‘s regioa of the flow are evidently
"smeared® in the course of motion along

szal.

calcula techniques and

computers ensure solution of complete
three~dimensional equations of energy and
motion for laminar rlowu, thus providing
a principle possibility of solution of va=-
rious problems on mixed laminar convecti=
However, the region of mixed laminar
rection existence is extremely limited
intensive thermal-hydrodyna=-
irbances realized in these
his makes the necessity of
udyzng of stability violati-
channel flows essentiall
uoyancy forces extremely
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ss in studying of tur-
transfer with combi~
canvettion, requires
1 investigations of
regularities of
heat transfer,
structure, it is
ore comprehensive
on neat trans‘er and
a wide range of GCr, Re
and Pr num with different orienta-
tions of th system in the gravity force
field., On the basis of experimental data
and modern methods of the turbulence th
ory, adequately general calculation tech-
niques of heat transfer and resistance in
the case of turbulent mixed convection in
tubes can be developed.

) vy
= oh ot

™
x 3w
® 0 Oy

resis

'
o o

o; ot
A
m X

1
A
|

e
m |
»iu

® o
o SIS
b |

M -
"~
o

083 M@

O B
R
e el ol ok

WE RS

o

o Mt oing
P O Py

e

skanta, R.A.. An
Comdined Forced
Heat Transfer in
Int, J. Heat Nasc
PP+ i< 44V

-

I o -

m

G o

o

< 4
abw

e |
T oHew

<)
+
<b

MO ®@ per
O » 23

S D
S el
Yy
-~ |
ke L
m

£
"1

o
n

-
—
-

Siegwarth, D.P., and Hanratty, T.G.,
Cum;atatiﬁra; and Experimental Study
of Effect of ueccndar} Flow on the
Temperature Field and Primary Flow in
a reated ~:'~zorta1 Tube, Int, J. He~
» ~ T b Sy G ]
at kass Trans?er, vol. 12, Pp. </~%e,
Wk ia SRS
T IV
Newall,
lyeis of
vection
Flow in Horizontal Th ) A
vol, C92,

and Bergles, A.E., Ana—
ned Free uné Forced Con-

ully Jeveloped laminar
SLE




lo-

12.

13.

Hong, S.%., Karcos, S.N., and Berg~
les, A.E., Analytical and Experimen-
tal Eesults for Combined Forced and
Free lapinar Convection in Horizone
tal Tubes, Proc. S5tk Int. Heat Trans-

fer Conf., Tokvo, vVol., &, NG 4.0,
PPe 424~ g +374.

Larcos, S.M., ard Bergles, AE.y Ex=
gcrimcntal Investigation of Combined
ree and Forced laminar Convection in
Horizontal Tubes, Trans. ASLE, vol,
C97, PP 5‘5-62, ig’ .
Cheng, K.C., and Jenn-Wuu Ou, Free
Convection Effects on Graetz Problen
for large Prandtl Number Fluids in
Horizontal Tubes Witk Uniform Heat
Flux, Proc., 5th Int. Heat Transfer
Conf. 0, vol. &, KU 4.7, pp. 156=
y 49745 Natural Convection Effects
on Graetz Problem in Horizontal Iso=-
thermal Tubes, Int. J. Heat lass Tran-
sfer, vol. 20, pp. 953-960, 1977; La-
xXigum Density Lffects or Forced lapi-
nar Convection in lorizontal water
Pipes vith Near Freezing .all Tenpe~
rature, Proec. 6¢th ne2t Transfer
Conf., “oronto, vol. C 1Z, pPp.O7=
12, 1375,
Lori, Y., and Futagani, X., Forced
Convective Heat Transfer in Uniformly
Heated Horizontal Tubes, Int., J. leat
lass Transfer, vol. 10, pp. 1B0I-
1967,
Siegwarth, D.P., likesell, R.D., Fe=-
adal, T.C., and Hanratty, T.Y., Ef-
fect of Secondary FPlox on the Tempe~
Tature Field and Primary Plow in a
Heated Horizontal Tube, Int. J., Heat
Lkass Transfer, vol. 12, Pp. 153531552,
1969,
Vilensky, V.D., Petukhov, B.S., and
Kharin, E.E., Heat Transfer and Re~
sistance in a Round Tube in laminar
Cas Flow With Variatle Froperties., 2.
Caleculation Resultsa Teplofiz, Vvsok,
Temp., vol. 9, pp. 563=570, 1071,
Coliins, “e., Heat Transfer by la-
minar Cozbined Corvection in a Verti-
cal Tube = Prediction for vater, Proc.
6th Int. Heat Transfer Conf., Toronto,
voi. 1, &U 5, pp. ¢5-30, 1978; Combi-
ned Convection in Vertical Tubes,

Proc., Symp. Heat Lass Transfer b Com=
bined forced and Natural Convection,
London, Inst, Lech, Eng., C 115771

pP. 17=25, 1971

] -
Petukhov, B.S., Polyakov, A.F., and
Strigin, B.K., Investigation oi Heat
Transfer in V&scogravitational Flow
Through Tubes, in Heat and lass 1ran-
sfer, vol. 1, pp. BO/=E1B, Loergiya,
Loscow, 16t8,
<uintiere, J., and Lueller, W.Kay An
Analysis of laminar Free and Forced
Convection Between Finite Vertical
Parallel Plates, Trans. ASLE, vol,
Cgs' ;;c 53-59, l .

Kanev, S.i., and Ravs, V.V,, Investi-
gation of Heat Transfer and Resistance

-
"%
il b oo

-y e

- y

17,

18,

19.

~n
o
.

21.

22.

23.

2k,

25.

2b.

in Combined Convection Over the &
ting Length of a Round Tube, Proc
ré All-Union Scientific and Ing:

nQ!rlI\§ oni. on Dpiie CTOA!EL
C8, & ev, Jl .

Nakajima, ii., Pukui, K. Ueda, H.
and Kizushina, 7., 5cvo oping Coz
bined Free and Forced laminar Cor
tion Between Vertical Parallel P
tes Vith Constant Vall Tempe ratux

Jo Chcﬂ-.zggn J.Eo’ VOl. 2' pp- :

F |
culaice, 'S., Comini, G., and kik
lov :.6., finitc Licmcnt Analysi
of éombmod Free and Forced Conve
tion, Int. J, Heat Mass Transfey,
vol. 21, pp. 8.
Larner, W.J., an? Ecniiian, H.XK.,
Theoretical investigation of lami
dixed Convection With Vertical op
posed Flow, J. leat Transfer, vol
92, pp. 251-T5T, 1370,

Hieber, C.A., and Sreenivasan, &.
Lixed Convection in an Isotherma)
Heated Horizontal Pipe, Int. J. I
vass Transfer, vol. 17, Pp. 1397~
1348, 1570,

Hussain, N.A.,, and lcComas, S.T.,
Lxperimental investigation of Com
bined Convection in a Horizontal
cular Tube With Uniform Heat Flux
in Heat Transfer, vol. 4, NC 3.4,
Elsevier Fubl. Comp., Ansterdam,
1970.

Kolpashehikov, V.l., sartynenko,
G., and Shnipp, A.l., 4 Kixed Fre
ané Forced laminar Convection in
Round Horizontal Tube With a Cire
ferentially Non-unitorm Heat Flux
Proc, All-Union Conf, on Physico=
chemical lechanics of Dispercec
terials, .insk, ;p. ¢Bo=304, 19b0
~ATtYyDenko, V.u., Eolpashchikov,
L., and Luikov, A.V., Peculiariti
of Uixed Thermal Convection Under
lion-unifore Boundary Conditions a
lon=-unitors Heat vweneration, Pre-
print or Paper Preserted at the 5
int, reat "ransrer Lonf., -0kyo,
197“.

Patankar, S.V., rampadhyani, £., a
Sparrow, E.L., bfrect of Circumfe-
rential iy Non-uniform Heating on .
minar Combined Convection in & Ho:
zonwl Tube, Trans, ASLE, Heat Tr:
sfer, vol., 100, pp. 4, 1 .
Yao lun=Shin, fntry Flow in a Hea:
Straight Tube, J. Fluid Xech., vo.
88 PP« “65““é3 - »

coliins, k.., Pinite Difference
Analysis for 5“01091:@ laminar F.
in Circular Tubes Applied and Com-
bined Convection, Int, J. Numer, !
m-, 'Vol. 15’ ppc -l y - .
tutagami Kozo auc Ave rumiasl, ne:
iransfer in tne rlow inside an in-
ciined Cyliuarical ripe under aixe

Couvection Conaitione, yrans., Jap,
S0C,. mech, tnZ., Voi. S8, PP 1/8&




TP — ‘ e
f’ : — RS ST
i

27.

29.

30.

3l.

A
L% ]

33.

35.

6.

7.

Je.

39.

1808, 1972.
Ch!n&, E!c.’ .nd Hons’ S.u-, Ccﬂbin-
ed Free an! Forced laminar Convection
in Inclined Tubes Aisl. Sci. Res,,
v‘,ln 27' pp. 1%36’ .
Polyakov, A.P., Viscous-Oravitational
Flow in Tubes Urder Small Effect of
Thermal Cravitation, Zh. Prikl. MNekh.
Tekh. Fiz., No. 1, pp. 122-130, .
IVanov, ?.f., Polyakov, A.F., and
Rinkevichyus, B.S., Investigation of
Viscous=iravitational Flow in a Cir-
cular Vertical Chamel by Means of
laser Anemometer, Teplofiz., Vysok.
Temp., vol. 16, sp. BIV-?I;. 5973.
olyakov, A.F., Viscous-Gravitatio-
nal FPlow and Heat Transfer in Circu-
lar Vertical Channele Under Small Bu=
oyancy Effect, in Problems of Conveo=
tive and Radiative~-Conductive Heat
Transfer, pp. 67-76, Nauka, Loscow,
1580,

Fetukhov, B.S., and Polyakov, A.F.,
Experimental Invest igation of Heat
Transfer in Viscous-Gravitational Li-
juid Flew in a Horizontal Tube, Terlo=-

£iz. Vvsok, Temp., vol. 5, pp. 122-130,
U=)874 4907,

Gupta, R.KE., Unsteady lLaminar Convec=-

tion in Unlformly Heated Vertical Pi~

pes, J. Pluid lech., vol. 57, pp. 81~

102, 1977,

Shirkot, K.S., and Singh, S., Unstea-

dy Combined Pree and Forced Convection

Effects on the Flow in a Horizontal

Channel, Actas Pg*s. hAcad, Sci, Hung.,
vol. 45, ppe. 57= 5

Santarrelli, P., and Foraboschi, F.P.,
Heat Transfer in Nixed laminar Con-
vection in a Reacting Fluid, Chem. Eng.
Joy vol. 6, pp. 59-68, 1973.
Sastry, V.U.K., and Laiti, G., Nume-
rical Sclutiaon of Combineé Convective
Heat Transfer of Kicropolar Pluid in
an Annulus of Two Vertical Pipes, Int.
J. Heat lass Transfer, vol. 19, pp.
Vie= ) - -
Dash, C.C., and Behera, £.C., Combin~
ed Free and Forced Convection Flow of
an Elastoviscous Liquid Through & Po=-
rous Channel, iear, vol., 60, pp. 313-
328, 1580.
Antimirov, L.E., and Tadachnikov, E,
B., Nonstationary Convection in & Pla=-
ne Vertical Channel Vith the Prescri-
bed Heat Flux on the %Walls and Unique
Specification of Steady-state Lotions
&t the Stability Boundaries, Jzv,
Akad, Nauk Latv,.SSR, Ser, Fiz, Tekh.
u‘uE, w0, j' PP K¢5‘7—; .
fong, S.%., and Bergles, A.L., Theo-
retical Solutions for Conbino& and
Free Convection ip Horizontal Tubes
With Temperature-Dependent Viscosity,
Trans, ASLE, vol., C98, pp. 459=465,
b1 T

Szpiro, 0., Allen, P.H.G., and Col-
lins, U.,%., The Influence of Tempera~
ture Dependence of Thermophysioal Pro=-

40.

41.

43.

““O

45,

46,

b7.

48,

L9,

50.

51.

52,

perties on the Predicticn Accuracy
in lacminar i'ixed Convection Heat
Transfer in Vertical Tubes, Proc.

6th Int. Heat Transfer Conf., Toron=
to, VGI. I’ uc 6, PP EI"BB' L;:Bo
Sabdagh, J.A., A2iz, A., El=Ariny,
A.S., and Hamad, G., Combined Free
and ﬁ§rced Convcgtion iz Inclined
Circular Tubes, Trans. ASUE, No, 2
p. 187-189, 1876, : ;
ath, R.S., and Kabditanjali Satapa-
thy, Combined Free and Forced Convec-
tion Flow Through Two Parallel Poro~
us VWalls, Indian J, Phys., vol. 48,
p. 432-438, 1974,
astry, V.U.K., and Rama Lohan Rama
V., lumerical étudy of the Effect of
Viscous Dissipation of the Combined
Convective Flow Through a Circular
Fipe, Acta tech., vol. 32, pp. 1-9,
1979,
yubarsky, A.l., Skoronanov Yu.S.,
and Popov, V.P., Heat Transler in a
lacinar Cas slow Through a Circular
Variable-~Crosssection Channel, in
Stucies of Transvort Phenomenz in
Lomplex CyStems, pp., 5¢-0J, ~iNSK,
1974,
akamura, H., latsnura, ., Kiwaki,
J., lilrako, $., and Yamada, I., Com~
ined "ree and Forced laminar Cone
vection in Triangular Ducts , J,

Chem, Eng. Jap., vol. 10, pp. 109

4 .

Lu iau-Chang and Chen Tien-Hu, Jef~-
frey-llamel Flow Jith Free Convection,
Proc, 5th Int, Heat Transfer Conf.,
10 Vo, VOol. N ppo 'S - ' .
~Aitra, D., and Subba Raju, K., Com=
bined ﬁree and Forced Convection la-
minar leat Transfer in a Vertical
Annulus, Trans. ASIE, vol. €97, pp.
135-137, T197%.

Petrazhitsky, G.B., and Fisarevsky,
n.E., Soze Specific lPeatures of Li-
xed laminar Convection Flow in &
Circular Cavity, in Trudv !V'U im.
Saumana, No. 195, ppl 7a=7iD, 4CTC.
Uangal, L.K., ard Agzervala, 5.3,
Combined Free and Forced lazinar
Convection in Internally Finred
Square Ducts, . Angew, 'ath, urd
Phys., vol. 58, PPp o ¥0,; 4 .
ranev, 5.P., Dis, V.V,, and larov,
V.G., laminar Plow Heat Transfer in
a Vertical Annular Gap at Constant
Texperature of the External Jall, J.
in Fhys., vol. 33, pp. 1-11, i Te
abrazov, N.N., Varapaev, V.P., and
Perekalsky, V.K., Viscous Incompres-
sible Cas Convection in Rectangular
Kegions With Supplying and Tischar-
ging Channels, Izv, Akad, Yauk SSSR,
wekh, Uhid, Gazi, Ko, 5, pPs 1

431, 15759,
Lonin, A.S., and Yaglom, A.X., Sta-
tistical ﬁxéromechanicl, pt. i,-ﬂ——

uka, Loscow, 1965,
Turner, J.S., Buoyancy Effects in




55

56.

57.

58.

59.

60.

61.

62.

€3.

bé.

65.

Fluids, University Fress, Cambridge,
Ig:!.

Tsypulev, Yu.V., Petukhov, B.S., and
Polyakov, . .F.,, Experimental lnves=
tigation of the Gravity Fileld Effect
on Turbulent Air Plow in a Plane Ho-
rizootal Asymmetrically Heated Chan-
nel,JTe lofiz, Vysok. Temp., vol. 17,
Pe - ' .
gotukbov, P.S., Polyakov, A.F., and
Tsypulev, Y.V,, Peculiarities o? Non-
isotkermal Turbulent Plow in Horizon-
tal Flat Channels at Low Reynolds
Humbcrflgd Under Significant Influ=-
ence ol Duoyancy Forces, in Turdu -
lent Shear Plows.2, pp. 158-1%7,
pringer-verlag, Berlin, 1980,
Fetukhov, B.S., Polyakov, A.F., and
Tsypulev, Yu.V., Turbulent Nomentum
and Heat Transfer in a Temperature~
Stratified Plow, in Heat and Mass
Iransfer - VI, vol. 1, pt. <, PP « 160=
172, ~insk, 1880,

Ustioenko, B.P., imeikov, V,N., and
Dubilier, 1.G., Investigation of Ae-
rodynacics and Heat Transfer of a
Turbulent i;;ﬂtitied Flow in a Ho-
rizontal Plane Channel, in Heat and
Kass Transfer - VI, voi. i, pt, 3,
pp. 157181, Linsk, 1980.

Webster, C.‘.G., An Experimental Stu-
dy of Turbulence in a Density Strati-
fied Shear Plow, J, Pluid Kech., vol.
19' ppo 221-2“5' 1;6z0

Arya, S.P.S., Buoyancy Effects in a
Horizontal Fint-?late Boundary layer,
gs Fluid tech,, vol. 63, pt. 2, pp.

-, “ ' v

Nieholl, C.I.H., Some Dynamical Ef-
fects of Heat on a Turbulent Bounda-
ry layer, J. Fluid Mech., vol. L0,
pta 2. pn et v -

dizushina, 7., Ogino, F,, Ueda, H.,
and Komori, S., Buoyancy Effect on
Eddy Diffrusivities in Thermally Stre-
tified Flow in an Open Channel, Proc.
6th Int. Heat Transfer Conf. Toron=-
EO VOIO -y BC Is PPe 91-96 Ig;a-
YBlyakov, AP, Bsundnrien of the
Archimedian Porces Effect on the Flow
and Heat Transfer in Horizontal Tur-
bulent Wall Flows, in Heat Transfer

and Phﬁzicul szrod*gnﬁ&cs, PPe 23
’ 8 .’ 0300', »

Pruitt, ¥.0,, Norganm, D.l.; and Lou=-

rence, F.I., Momentum and Mass Tran-

sfere in the Surface Boundary layer,

uart. J. Roy, Met, Soc., vol, 99,

Arye) 5.7.8", and Plate, E.I., Modei-
iing of the §tnb1y Stratified Atmo~
spheric Boundary layer, J. Atmos.Sci.,,
Vol. 26' gpc b>b‘bb5. 190 .
Ellison, T.H., and Turner JoSey M
xing of Dense Pluid in a ‘furbullnt
Pipe Flow, J, Pluid Mech., No. 8,

Pe 51“‘;“" -

llison, T.H., Turbuleat Transfer of
Heat nné Eomentum Prom an Infinite

b6,

b?.

be.

69.

70.

71.

72,

73,

b

75.

Rough Flane, J. Fluid, Mech., vol,
PP L56~4bb, TUST,

sreiden, A., Etude de la Structure
1'Ecoulement et du Transfert de Cha-
leur en Convection Mirxte Dans un Tu
be de Section Circulaire, Tnese de
Docteur-Ingenieur, L'Universite Qe
Paris, (YoY,.

Folyakov, A.F,, Kuleshov, V.A., and
Shekhter, Yu.l., Veliocity and fompc-
Tarure Distrioution in & Turvulent
Alr Flow Trougu a norizontal Tudbe U:
der the Efrect of Thermogravitatio=

nal Forces, J, En;%g Phys., vol. 27
po 1“2&‘1“2 ’ 131 .

etukhov, B,.S., Poiyakov, AJF., Ku=
ieshov, V.,A., and Shexhter, Yu,L.
Turdbulent Fiow ana Heat Transfer In
Horizoniai iuces witn Substantias I
Iiuence of Thermogravitational Pore
ces, Proc., 5th Int, Heat Transfer

Conf.! i0kyo, vol. 3, se8, DPP.l6.

' .

Fetukhov, B.S,, Polyakov, A.P,, She-
khter, Yu.l., and Kuleshov, ViAo,
Experimental Study of the EfZects o:
Thermogravitation Upon Turbulent Plc
and Heat Transfer in Horizontal Pi=-

es, in Heat Transfer and Turbulent

uoyant C3i7?E?TBET‘VBIT‘?T‘F?T’?T?—
727, Hemisphere Publ, Co., Vashing«
ton, 1977. 7 .
Fetukhov, B.S,, Polyakev, A.P., Tro-
itsky, V.V., and Shekhter, Yu.l.,
Thermogravitational Field Effect on
the Structure of a Turbulent Non-iso
thermal Flow in Horizontal Cylindri-
cal Channels, Dokl, Akad. Nauk SSSR,
vol. 236’ Pe ¢ g 4377
Petukhov, B.S., Polyakov, A.F., Tro-
itsky, V.V., and Shekhter, Yu.l., Tr
Structure of Secondary Currents {n
Turbulent Flow in a Horizontal Tube
With s;u;tantin§ rhornogravitation,
Proc., 6th Iat., Heat Transfer Conf.,,
Toranto, vol. I, M2 14, Ppe T5-B3
o7, i
Polyakov, A.F., Development of Secor
dary Frez Convection Currents in Por
oed Turbulent Plow Through Horizope-
tal Tubes, Zh, Prikl, Mekh. Tekh.Piz
No. 5, ppe. .
letais, B., and fekort, E.B.C., For-
ced, Eixcd and Free Convection Regi~
mes, Trans, ASME, Ser, O, Heat Trane
ster, vol, y PP» - ;- .
Uartynenko, 0.G., Vatutin I.hsy and
Skutova, I.V., Ef!oct of fhormogravi-
tntionuf Convection on Distridution
of Statistica’ Characteriestics in Tu-
rbvient Non-isotherma) Incompressidle
%iquiddr%ovbin T:b;:, in Hest_!g%gg-
21 an urbuien oyant Convestinn.
vol. I, gp.'S)ub? Hemiaphere Fubl,
Co., Washington, 1977,
Petukhov, B.S., and Folyakov, A.F.,
Flow and Heat Transfer in Horirontel
Tubes, in Heat Transfer - 1970, vol.
8, NC 3.7, Elservier ¢ C0uy Ame




R L

76.

7.

78.

79.

80.

8l.

82.

3.

84,

8.

86.

87.

sterdanm, 1970.
Skiadaressis
Prediction of
ced Convection in Turbulent Flow
Through Horizontal Pipes, letts., He=-
st Mass Transfer, vol. &, Pps J0=40,

D.B.,

D., and Sglding BB

Combined ee an

Abdelmeguid, A.K., and Spalding, D.
B., Turbulent Flow and Heat Transfer
in Pipes VWith Buoyancy Effects, J.
Pluid tech., vol. 9, pp. 183-400,

Ber, L.E., Solution of the Problem on
Superpesition of Turbulent Forced and
FPree Heat Convection Through a Verti-
cal Tube in the Presence of Intermal
Heat Sources in the Liquid, Izv. Akad.
Nauk SSSR, Otd., Tekh, Nauk, lic. 0,

PP 2y °

Ojalow, L.S5., Anand, D.K., and Dun=-
bar, B.P., Conbined Porced and Free
Turbulent Convection in & Vertical
Circular Tube With Volume Heat Sour-
ce and Constant Wall Heat Addition,
Trans, ASLE, Ser, C, J. Heat Transfer,
vol. B89, [Pe o4=bed, 15907,

Petukhov, B.S., and Sporygin, Z.K.,
Experimental Study of Heat Transfer

in @& Viscous Inertial Cravitational
Liquid Flow irn Vertical Tubes, Teplo-

fiz., Vgsok. Temp., vol. 6, pp. -

L] .
‘lf.rov ﬂ.s., Rybin' Ro‘o, lnd B‘lu'
nov, B.T., Heat Transfer in & Turbu-
lent Vater Flow Through a Vertical
Tube Under ths Conditions of Substan-
tial Effect of Natural Convection,

Tegloenem tika, No. 12, pp. 66~70,

Steiner, A., Etude de la Transition
Inverse d'un Ecoulement Turbulent
Sons 1'Effet de la Porssee d'Archi-
mede, J. Pluid Nech., vol. 47, pt. 3,
PP. 50 - Y .

Sarabi, A.R., laminarisation Sans
1'Influence de la Convection, These
de Docteur—-Ingzenieur, 1'Universite

de Paris, 1Y7/l.

Herbert, 1.S., and Stern, V.J., Heat
Transfer in Vertical Tubes = Inter-
action of Forced and Free Convection,

Chem, Eng, J., vol. &, pp. 46~52,

Carr, A.R., Connor, K.A., and Buhr,
d4.0., Velocity, Temperature and Tur=-
bulence Neasurements in Air for FPipe
Flow ¥ith Combined Free and Forced

Convection, Trans, ASLE, Ser, C, J
Heat :rlnlfor, vol. 99, PP 15=é:,
15735

e e e e

Buhr, E.O., Horsten, E.A., and Carr,

A D., The Distortion of Turbulent Ve~
locity and Temperature Profiles on
Heating for Lercury in Vertical Pipe,
Trans. ASME, Ser, C, J. Heat Transfer,
Vol. y PPs ’ .

Kenning, D.B.B., Sbock, R.A.VW., and
Poon, J.Y.M., Local Reéuction in Heat
Transfer due to Buoyancy Effects in

381

Bg.

89,

90.

%1.

0
~n
-

93.

4.

95.

96.

97.

98.

99.

Upward Turbulent Flow, in Heat Tran-

sfer - 1974, Tok*o, vol. 3, oJy
F;«'o"" -

1 .

Jackson, J.D., and Fewster, J.J., En~
hancement of Turdulent Heat Transler
due toigueynncy {o;ugownward Flow of
Water ertica es, Proc, Int.
Seminar on Turbulent Buovint Convec=
tion, Jubrovn b .
Tolyakov, A.P,., *hl Boundary and
Character of the Beginning of Ther-
mogravitational Forces Ifrect on the
Turbulent Flow and Heat Transfer in
Vertical Tubes, Teplofiz. Vysok., Te-
Bp., vole 11, PPe iﬁG:Ils, *973.

olyakov, A.F., Boundaries and Cha~-
racter of the Beginning orf Thermogra~-

vitation Effect on tne Turbulent FPlow
and Heat Transfer of Liquid Metals

in Vertical Tubes, Teelotiz. vglok.
TemEo’ vol. 15, PPe - B .
:yme' -J-.IE.. .nd Eliosn' E-, COIIIDLB-
ed Free and rorced Convection Heat
Transfer in a Vertical Pipe, Proc.
Svamp, Heat lass Transfer by Combined
:orced anc .atural Convection, lon=
don, v 444/ 71, Ppe 40=40, 1¥7l,
Takajima, M., Pukui, K., Ueda, H.,
and¢ lizushina, T., Buoyancy Effects
on Turtulent iransport in Combined
free and Forced Convection Between
Vertical Parallel Plates, Int, J.
Feat lass Transfer, vol. 2J, pp.

- - ' .

Hall, ano’ ‘nd Prict, PIHI’ Int.r-
actior Between Turbulent Free Ccon-
vection layer and a Downward Forced
Flow, Froc., Conf. Heat and Mass Tran-
sfer by Combinec -forced and hatural
Convection, london, U 113/74, pp. 7=

’ -
Ser, L.E., On Combined (Forced and
Free) Turbulent Corvection in a Cha-
rnel Between Vertical Parallel FPla=-
nes, lzv, Akad, Nauk SSSR, lekh,
2nid “Tazs, No. 7, Pr. 126-133, 1974.
Fetukhov, é.s., and Ledvetskaya, N.V.,
Turbulent Tlow ané Heat Transfer in
Vertical Tubes With Strong Buoyancy

Effect, Teslotiz. V;sok. T.Zp., vol.
16 PP / 9 .

Pciyakov, A.,F., Turdulezt Forced Flow
in Vertical Channels Under Free Con-
vection Conditioms, J. in Phys .,
vol. 35, pp. BOI-BLI TOTB
Jacoby, J.K., and Sesonske, A., Free
Convection Dlstortion and éddy Dif-
fusivity Effects in Turbulent Kercu-
ry Heat Transfer, Trans, Amer, Nucl.
SOC., vol. 15’ PP -LUY,y .
Tontanceau, J., Convection Natural
Turdulence Sur Une Plague Verticale
Isotherme, Int. J. Heat liass Trans-
f.r' vol. l?“_bp. el ) .
Folyakov, A.ﬁ., Flow and Heat Trans-
fer in the Thermogravitation Genera=-
tion Regime, Proc, 5th Int, Heat Tra-

nefer Conf., Tdk*o, vol, J, vhy
PP+ - y 4376




3,2, Horizontal Round Tubes

The buoyancy effect on the averaged
f£low in horizontal tubes exhibits itself
in the formation of secondary flows in
the plane normal to the tube axis. A com-
plex character of the averaged flow 1is
demonstrated by the results of experimen-
tal studies of a turbulent nonisothermal
air flow structure in horizontal_tubes
88 mn [ 667 and 144 mm [ 67-81 7 in dia-
weter, at Que=const.

In order to determine the boundaries
of initiation of the possible development
of secoucary free-convective flows and
their character, equations (6)-(8) were
solved in ('72,) for the stabilized moti~
on and heat transfer under the assumption
of a relatively small thermogravitation
effect. In this case, the gravity force
field effect on turbulent transfer is neg-
lected, Combined analysis of the soluti-
ons o [ 61,72 ] shows that in horizontal
tubes with small Gr number values, ther-
mogravitation forces affect primarily the
averaged flow., The buoyancy effect on tur-
bulent transfer becomes noticeable at so-
mewha. largev Gr number values. The appro-
xigate solution of / 72 7 made it possi=
ble to obtain an equation defining the
boundary of a l%~deviation of the local
heat transfer (Nu numbers on the upper or
lower generatrix) from its value during
*"purely® forced convection:

Gr(qt)' . .10-5Pr0058.2'6 [3.0'12502 .A(P}/?‘lﬂ

(16)

Equation (16) is valid for the region far
Zrom the heat source at q,-cons} and
Pr>0.5, Using the ratio Gry/Cr Y as an
argument, it is convenient to agalyze the
buoyancy effect on turbulent flow and
neat transfer in horizontal round chane
nels,

The attempts to determine the initi-
ation boundaries of the dbuoyancy effect
on heat tranefer were made in earlier stu-
dies, In /[ 73 ], diagrams are given for
horizontal and vertical tubes, defining
the boundaries between forced and mixed
turbulent convection., In this paper, the
said bouncaries are obtained on the basis
of analysis of the data on the length-
average heat transfer, that is why the
boundary of initiation of the buoyancy ef-
fect on heat transfer corresponds to lar-
ger vaiues of Gr number, tner those fole-
lowing from reletionmship (16).

The measurement results on velocity
and temperature profiles cbtained in /BY
are shown in FPig.B8. An essential asymmet-
ry of velovity and temperature distribdbu-
tions in the vertical diametric plane it
noticeable., It should be stressed that
the profile deformation is seen even at
Ro-g-lo . Velocity maxima and temperature
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minigums are shifted downwards, The devi~-

ations of velocity and temperature fields
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Fig.8, Velocity (a) and temperature (b)
profiles in a horizontal tube /07/:
1l = 80-153-10“, Grqek.2108,,
Grq/0r 1$2100;'2 - Res?.b-10%,
Grqe 7:7+108, Gro/Grdlie2s; 3 =
Re=5,2.104, Grqe= 1.0 +109,

Grq/Gro V)ed; 4'- measurements in &
verticgl diametral plane; 5 = mpea~-
surements in & horizontal diampet~
ral planej 6 - calculations of

[ 72,74,76,77 )

fron those typical of purely forced flow
are the larger the higher the Gr nucber
and the ssaller the Re nuzber, i.e. ihey
increase with the incressing urq/Crg't’.
This statement is also Jurtifieg by ;he
data obtained in [/ 66 J. at Gr /Gr-* =5,
temperature and velocity diltrgbutionl
are in fair agreement with the solutions
of [ 72,74,76,77 7+ As shown in the firs:
part of the paper, a qualitatively simi-
lar character of velocity and temperature
fields deformation under the effect of
buoyancy is observed @#lso in a laminar
flow in the case of homogeneous thermal
boundary conditions. Howeverz the quanti~
tative results and functional connections
between the parapeters determining the va~-
lue of thermogravitztion forces efrect
are, naturally, different. Besidez, the
data cited in the previous s#ction allow
us to expect, in the case of turbulent
liquid flow in a horizontal tube in the
presence of heat exchange with the wall,
the eftect of gravity force field direc~
tly on turbulence,
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Figure 1 Comparison of srithmetic mean Nussell numbers with \
the results of Martinelh and Boelter (scapted from Marner and 1 Sarins
McMilian'®, with permission of the Amenican Society of Mechanical . g AR
Engineers)

Lawrence and Chato'' and Collins'?'? have developed " S " i
numerical models for predicting developing mixed convection 0 04 ot %) " 20
taking account of viscosity and densily vanauons and using L1GT
marching solution procedures. Zeldin and Schmidt'* solved Figure 2 Typical behavior of local Nusselt number near the point of
the full eluptic equations governing the problem using an maximum velocity pre'ile distonion (adapied from Marner and
fierative method in order to avoid the use of marching pro- McMillan'™ with permission of the American Society of Mechanical
cedures, which had been questioned for conditions of strong Engineers)

Notation v Radial velocity fluctuation (m/s)

v Radial velocity (m/s)

a Radius of tube. d/2 (m) " Axial velocity fNluctuation (m/s)

o Specific heat at constant pressure (J/kgK) w Axial velocuty (m/s)

r, ¥ Transverse coordinate measured fromwall.a=r (m)

C, Integrated specific heat, J C,dT (J/kgK) y* Y ilplv

«= Iyl dr, 2 Axial coordinate (m)

C,  Coeflicient in 2 equation turbulence modei . Dimensioniess aial coortinnie. mees

d + Tube diameter (m) d Re Pr

¢ Acceleration due 1o gravity (m/s’) P Coefficient of volume expansion (K ")

¢ Mass velocity, 4 M/nd’ ““/?‘x", AT Wall 10 bulk temperature difference. T, ~ T, (K)

Gr  Grashol number, (p,~¢.)d” g/p} ¢ Rate of dissipation of 4 (rm?/s’)

a_l’ Grashol number based on A, (p.-ﬂ)d’ 9/ﬂ= » Von Karman constant

Gr*  Grashof number based on heat flux, gff d*q//v? 2 Thermal conductivity +%/mK )

Gz Graetz number, Re ?Y d/z (=1/2°) M Dyn'mlc VISCOSILy (L‘ ms)

h Heat transfer coeflicient, g /AT, - 7,) (W/m? K) » Kinematic viscosity, u/p (m?/s)

i Specific enthalpy (J/kg) p Density (kg/m’)

k Turbulent kinetic encrgy (m*/s?) r,

l Length .zale (m) p Integrated density, J pdT (kg/m’)

2 Tube length (m) (Te=T) Je,

M Mass flow rate (kg/s) o, Turbulent Prandtl number

Nu  Nusselt number, hd/i { | I . dz} o ¢ Shear stress, N/m?

. , 2 e
Nu,, Arnthmetic mean Nusselt number -_—7,_—'-—_}—1:- Subscripts
: UT. =§(T.+ T b Refers 1o Nuid bulk conditions

P Pressure (N/m?) ¢ Refers 1o thermodynamic critical pressure

Pe Peciet number, Re Pr F Forced conveztion

Pr  Prandtl number, uC /. m Mean or mixing length

Pt Prandu number based on C,. uC,/2 min  Minimum

4.  Heat Nux at the wall (W/m?) pe Refers 1o pseudocritical value

r Radial coordinate (m) rel Reference value

Ra Rayleigh number, Gr Pr t Turbulen:

Ra®*  Rayleigh number based on heat flux, Gr” Pr w Refers 1o conditions a! the tube wall

Re Reynoids number, Gd/u z Based oi axial length

T Temperature (*C or K 0 Refers to inlet conditions

i Temperature fluctuation (K) m Refers 1o the fully descioped condition
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Figure 3 Expenmental and predicted magnitudes of Nu,, as a
funcuion of Gz, (adapied from Martinell ef o/ . with permission of
the Amencan Institlute of Chemical Engineers)

buoyant influences. Nevertheless, difficuliies in obtaining a
solution were still encountered beyond 2 certain value of Gr/Re
corresponding 1o a reversed flow n the central region of the
pipe

in the case of buoyancy-aided convection. i.e. upward Mow
m a heated pipe or downward fiow in a cooled one. the velocity
in the vicinity of the wall increases with wall-1o-fluid temperature
difference (a1 constamt flow rate) and decreases in the core.
Sventually a concavity develops in the velocity profile in the
-ore flow. Associated with these changes there is an enhancement
of heat transler coeflicient. In pracuice, with sufliciently strong
heaung or cooling, the velocity profile gradually becomes
unstable at the point of inflexion and flow unsteadiness results
(see below)

In the opposite case. i.e. downward heated Now or upward
cooled flow, the velociy near the wall is reduced and there is
an impairment of heat transfer. With strong enough heating
(or cooling), the velocity gradient at the wall approaches zero
and an instability develops there suddenly

The numerical solutions of Collins'? illustrate the above
behavior. These calculations were carried out for conditions
covered in the experimenial work of Scheele and other workers
on the influence of heal transfer on siability of laminar fiow in
vertical twbes.' ' *17 1y was observed that as Reynolds number
decreased. the critical value of Gr*/Re for onset of gradual
instability decreased asympiotically 10 approximately 42.5 for
the case of upward flow with uniform heat flux. An increase in
the ¢riveal value of Gr*/Ke with decrease in Reynolds number
was observed for the case of downward flow with uniform heat
Mux. The highest crical value of Gr*/Re encountered was
approumately 75 & this wus lor Reynolds numbers approaching
wro.

cxperimental siudies of larminar mixed convection
in vertical tubes

The carly expenimental work invelving mixed convection in
vertical tubes was carned out using test sections in the form of
¢ouble tube heat exchanpers. Watziager and Johnson'® in 1939

soried experiments in which wate* flowing downward in a

o¢ was cooied by an external flow. For that arrangement free
convection aided forced convection. Martinelli er ol '* shortly
afterwards reporied expeniments with upwa: d Nlow of water and
oil in iubes Faving uniform wall .cmperatures, heated by means
of sieam. Overall heat iransfer rates considerably in excess of

those predicied for forced conveciion were observed (Figure J)
The approximate theoretical model of Marunell and Boelter!
was used with remarkable success us a basis for correlating the
data. The following equation, which is identical with the
theoretical result, apart from the shight adjustment of an index
from 0.75 1o C 84, correlates all their data and that of Watzinger
and Johnson 10 within + 20%.

™ P LN FRUES)
Nu__-l?SF.{Gl..+00722F,((” "’) }

£y and F, are functions which are derived from theory and
tabulated in Rel | No data were produced by Marunell e al.
for the case where free convection opposed forced convection
(heated downward Now)

Subsequent work on laminar vertical mised convection has
been carned out using uniformly heated tubes. Clark and
Rosenhow.’® in expeniments on water at high subcritical
pressure flowing upwards in an electrically heated tube. produced
data which were used by Mallman’ for comparison with his
analytical predictions for the fully developed case. Further
experimental investigauions were reported later by Hallman?'
and Brown * These data are in good agreement with Hallman's
analysis. which 1s fitted well for 100 < Gr*/Re < 10,000 by the
equation

G e\O 28
') (2)

Nu=0 95(-——
Re

Experimental results oblained by Kemeny and Somers’?
using water and oil are shown in Figure 4 However, direct
comparison of these results with earlier work cannot be made
because the Nusselt numbers used by Kemeny and Somers were
based on the inlet Nuid temperature. More recent experiments
by Barozzi et al ** have been compared with numenical solutions
by Collins and good agreement is reported. Evidence of
transition 1o turbulent flow near the end of the heated section
was observed for Reynolds numbers of less thar 1000

Further data can be found in the papers by Scheele and
Hanraiy™ and Brown and Gauvin ** However, these experi-
menis were concerned primurily with transitional flow

The above discussion of experimental siudies of laminar

1
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Figure 4 Plots of Nu, versus Gr* Re for ditferent values of Gz
(adapied from Kemeny snd Somers™ with permission of the
American Society of Mechanical Engineers)
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mixed convection in vertical tubes has been resinicied 10 the
casc where free convection aids forced convection. An inieresting
conclusion which has emerged from the present review is that
wirtually no laminar flow heat transfer measurements have been
reporied for conditions where free convection opposes forced
convection (heated downward flow or cooled upward flow)
For such flows the influence of buoyancy should be to impair
heat transfer relative 10 thut for conditions of pure forced
convection, provided the flow remains sicady and laminar
However, as a result of the work of Scheele ef ul. on buoyancy-
induced instability in laminar flow, 11 1s clear that the range of
conditions available for such experiments 1s likely 10 be raither
himited.

Turbulent flow mixed convection

Whereas the eflecis of buoyancy on heat transier can be
predicied readily for the laminar case, the situation is very
different with turbulent lows: the data for such conditions show
some uneapecied trends (see reviews'*!*) In configurations
with forced and free convection aiigned, local heat transfer
coeflicients significantly lower than (hose for forced Now alone
can result. In contrast, for downward flow in heated tubes
bucyancy forces cause a general enhancement of the turbulent
dillusion properties of the flow, with the result that wall
temperature distributions are well-behaved and heat transfer
coeflicients are higher than those for forced flow alons Even-
tually, as the free convection component becomes more and
more dominant, heat trunsfer for upward flow also becomes

int. J. Hest and Fiud Flow, Vol 10. No. 1, March 1989
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Examples of buoyancy-induced impairment of heat
transler

In the eurliest studies of turbulent mixed convection with
atmospheric presure water and air'83%3¢ pore s hittle
indication of the dramatic influences of buoyancy on heat
transfer thut were laier (o become evident in the work on fluids
near the critical point’*** and which have provided the
incentive for considerable research work in recent years

During carly development work on supercritical pressure
steam generators, Shisman®” and Ackerman®® found severe
localized impairment of heat transfer for upward Now in heated
tubes at neareriicnl conditions (Figure 5) The effect was
inttally thought 1o be similar 1o film-boiling and wis. in fact
grven the name “pseudoboiling.” There were, however. some
surprising condions where the wall temperatures were well
below the pseudoceritical value *¥*® Under such conditions the
Mlutd must have been in o hquid-like state even in the wall-layer
region

1t becume upparent that the effect was due 1o buoyancy and
not a form of film boiling when experiments with upflow were
compared with those for downflow at otherwise identicul
conditions Investigations of this type were first reporied by
Shitsman*'** und Jackson and Evans-Lutierodi*® (Figure 6).
Similar companisons have since been made by a number of
researchers. notubly Bourke er al **, Fewsier.*® Alferov ¢
al 2% 4" Waus and Chou.** and Bogachev et al **.

The fact that the phenomenon of localized impairment due
1o buoyancy s not restricied to Nuids at high pressure. bu! can
occur in iguids und gases 4t normal pressure, has subsequently
become clear us a result of experiments by Steiner.*® Kenning
et al.* Hall und Price.**?’ and Fewster.** Kenning e al.
found wall temperature peaks for upward flow of water at § bar
{Figure 7) and Fewster made comparisons between upward and
downward flow of aimospheric pressure water (Figures 8 and
9). The case shown in Figure 9 is of special interest because
the Reynolds number 1s below that normally associated with
turbulent flow. The measurements suggest that buoyancy-
induced turbulence ts present, the sudden fall in wall ternperature
for upward flow being due (o transition,

Mixed convection 4t low Reynolds number has also been
studied by Rouul ** Buoyancy-induced transition 10 turbulent
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Figure 6 Companson of upward and downward Hiow cases at near
critcal conditions (from Jackson and Evans-Lutierodt)
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Figure 7 Buoyancy-induced impairment with water 81 8 pressure
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ang Row)

Now was clearly observed in upward flow (Fig ve 10a) whereas
for downward flow turbulence exisied througaout the heated
section (Figure 10%) In downward flow a periodic Nusseit
number vaniauon Figuse 11) suggested that small. buoyancy-
induced recirculation cells might have been present. Wilkinson
¢ al.** examined the conditions for Now reversal at the pipe wall
in a buoyancy-opposec flow; otherwise the problem has received
little attention.

The exampics quoted above illustrate the imporiance of
interactions between forced and free convection for flow In
veriical pipes. An explanation of the mechanism involved has
been given by Hall and Jackson ** They suggested that the
dominani factor was the modification of the shear stress
distribution across the pipe, with consequential change in
twurbulence production. The analysis of Hall and Jackson®® has
been extended by Jackson and Hall*! 10 provide a general
criterion for the onset of buoyancy effects applicable both for
supercritical and normal pressure fluids. For influences of
buoyancy on hear transfer coeflicient 1o be less than $% of the
forced convection value, the analysis yields a limit:

—— 104 (3)

Comparison of predicted criterion with experiment

In order 10 test the validity of the criterion, experimental data
from the authors’ programme of research on heat transfer 10
supercritical pressure carbon dioxide have been presented in
terms of the parameter Gr/Re} . Figures 12(a) and (b) show
expenmental data that are consistent with the criterion (the
ordinate is the ratio of the observed Nusseli number 1o that
for forced fNlow in the absence of buoyancy eflects but under
conditions that are otherwise identicai).

Alferov e al*" presented data for supercritical pressure water
in terms of the ratio of calculated heat transfer coefMicients for
forced and iree convection (Figure 13). It can be demonstirated
with the aid of established correlation equations for free
and forced convection that h, /h,. .. is proportional 1o
Gr/Re’ ** Pr®? raised 10 the power one third. Thus the criterion
for negligible buoyancy suggesied by the data of Alferov er al ¥’
(Figures 13 and 14), namely A, /A, > 3. can be re-expressed

rs

' -
W<l“'o ’ (4)

For 10* <Re<10’, this criterion gives effectively the same
classification of data as that of Jackson and Hall

Some (urther data which can be used for testing the validity
of the criterion have been produced by Brassingion and
Cairns®® for supercritical pressure helium. Buoyancy-induced
wall temperature peaks occurred over a wide rage of reduced
pressure but it was found that such effects were not present
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under conditions where:

5—3—%«2.4-!0" (5)

Bearing m mind that Gr, is somewhat less than Gr,, the
agreement w th the critenion is extremely good.

Although the main sources of data concarning the onset of
buoyancy effects have been investigations with supercntical
pressure fluids, some work has also been done using water al
pressures near 10 atmosphenc***! and with aimosphenc pressure
air.*® These studies have further substantiated inequality (3) as

a1 J Heat and Fiuid Flow, Vol 10, No. 1, March 1983

which buorvancy effects ¢sn be neglecied.

A simple equation describing mixed convection heat
transter in vertical tubes

Although the theory of Hall and Jackson was developed in
order o obtain & criuenon for the onset of heat transfer
impairment for (he case of upward Nlow in & heated pipe, it is
also applicable 1o downward flow where there is heat transfer
enhancement. It has been generalized’® (0 provide the following
simple description of the manner in whizh the ratio of buoyancy-
influenced 1o buoyancy-free Nusselt numbers vares with the
buovancy parameter Gr,/Re "Pro s

Nu | 104G, | 4*
e @ 1] § . oo e (6)
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Figure 11 Nusselt number vananon in mixed convection heat
fransier 10 water (agapted from Roua™)

Ny

01t

(a)

'o(
- %-[v-:vso'c.,-W

Gryme”

i A i J

10 10 0 10! 0

(b)

Figure 12(a-8) Mixed convection data for supsrcriical carbon
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The negutive sign refers 1o the buoyancy-aided case and the
positive 5iga 1o the opposed case. 1t should be borne in mind
that this expression was obtained using simple physical theory
and empirical relationships for bucyancy-free heai transfer (for
details see Ref. 28). In consequence it merely represents an
allempt 1o predict gross trends as buoyancy effects begin 10
modify the forced flow significantly. however it is surprisingly
consistent with observed behavior (see below).

With inceease in the buoyancy paiumeier, an impairment of
heat transfer is indicuted for upward Now und an enhancement
for downflow. The curves representing Equation & for the two
cases are shown in Figure 15 1t is of interest 1o note thut for

upward flow with sirong eriough buoyancy influence a recovery
in heat transfer i1s indicaled, leading eventually 1o enhancement
at high values of (he buoyancy parameier. Data for upward
flow of air** and mercury*' and for downward Now of water*?
are shown in Figures 16, 17, and I8, respectively These show
behavior consisient with that indicated by Equation 6

Correlation of data lor mixed convection

The theory referred to in the previous sections has proved 10
be useful for correlating duia wnd has been empioved when
presenting duta from the authors' program of research into
heat trunsfer 1o Nuids at supercritical pressure—see Figures
12(a) and (b) (earher) i1 is clear that for upward Now (Figure
12a) the data do not correlate in the region where heat (ransfer
is impaired in terms of the parameiers Nu/Nuy an - Gr Re! .
However, for downward flow (Figure 12b) an excellent corre-
lauon 15 achieved throughout the mixed convection regime by
the equation

Nu i C;. )o i
e | | 4 2750 —— 7
NU' [ i o(Re: ’ ( ’

The form of the above equation was chosen such that Nu
becomes independent of Re, for conditions where buoyancy 1s
dominant (1.e. tending towards pure free convection).
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Figure 16 Effect of buovancy on heat transier 1o air a1 atmosphenc
pressure for upward liow (adapied from Byrne ang Ejogu™, with
permission fiom the Counci of the institute of Mechanical Engineers)
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phenc pressure lor downward tiow (adapted from Jackson and
Fewster® with permission of Harper and Row)

The contrast between the upward and downward Now cases
i interesting: for the former, buoyuncy forces lcad 1o localized
effects (wall temperature peaks). whereas for the latter they do
not. For upward flow impairment or enhancement of heat
transfer can occur depending on the magnitude of the buoyancy
force, whereas for downward flow only enhancement 15 found
Although the effects might <eem 10 be anomalous when viewed
without the aid of the model of Jackson and Huil. they can be
seen 1o (ollow a meaningful pattern when considered in the light
of the model. The general picture of mixed convection in vertical
tubes embodied in Equation 6 and illustrated in Figure 15 thus
proves 10 be surprisingiv accurate

In paraliel with work on supercritical pressure fluids, the
present authors and co-workers have also siudied mixed
convection 10 water and 10 air, both at atmospheric pressure
(Jackson and Fewsier®! and Axcell and Hall**) Again
the theoretical guidelines have proved 10 be useful. Jackson
and Fewster used as their correlauing parameter the group
Gry/Re VP8 The daa of Jackson and Fewsier for down-
ward flow of water in a heated tube are shown in Figure 19 and
can be seen 10 be satisfactorily correlaied. A correlation
equation which fitied the data over the entire range of conditions
was arrived at by adjusting the index in order 1o make Nusselt
number independent of Reynolds number when buoyancy
influences become dominant. This equation is:

4500Cr, ]°"
B} cmmme————

Rc! 1 p‘r: L] (&)
Figure 19 also includes some early data for atmospheric
pressure water.'*3? The agreement between the equation and
the data is quite reasonable when account s taken of the
uncertainties involved. particularly in the values of Nu, used
for normalizing the data.

Figure 20 shows the data of Axcel! and Hall** for downward
flow of air in a heated pipe plotied on the same basis, Some
measurements by Easby*? of downward flow mixed convection
1o nitrogen at about 4 bar are also of interest. When compared
with Equation 7 (the correlation equation developed for the
supercritical pressure carbon dioxide data) they are found to
be in fair agreement. This is alse the case for the data of Brown
and Gauvin,’® who found enhancement of heat transfer by up
10 70% in downward flow experiments on air. Further sources
of data on downward flow mixed convection are Krasyaknva
et al.** Ikryannikov et @l *"** and Alferov er al.®” Thus it
can be seen that there is a significant body of information

Int J Hest end Fluid Flow. Vol 10, No. 1, March 1589
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buoyuncy effects for downward flow i heated tubes. The
observed trends arc in all cases consistent with the simple model
of mixed convection n verticul tubes of Juckson and Hall and
can be adequalcly described by capressions such as Equations
7 or B. For upward flow i heated tubes a significant amount
of experimental duta 15 also available. Whilst the trends are
broadly consistent with the model, the problem of correlating
data is more comphcated. particularly becaure of complex Now
development behavior.

The difficulty of correlating upward flow dats in terms of
purely local parumeters (Figure 21) led Rouai* 10 examine
conditions at wall temperature peaks. Minimum heat transler
wis correlated by

Nu.. [ G T
- 1491 9)

Nu. - ‘Rg‘““pf". (
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Figure 19 Correlation of mixed convect:on data 1or downward
flow of water (adapted from Jackson and Fewstur™. with permission
of Harper and Row)
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air (adapted from Axcell and Hall™ with permission o Harper and
Row)
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Roual aiso compared his data with a refinement of Hall and
Jackson's model which accounts for the influence of heat
transfer on the buoyant layer ** ** An implicit expression for
NuNu, resulis:
0 48
T

. «3
. . ‘lzxnlo‘ — s (ﬂ)
Nuy l Re? 43P0 Ny,
It should be noied a' this correlaiion gives a discon-
unuiiy in Nusseit number for heated upward flow when
Gr*/Re B PRI 3510

Numerical studies ¢of turbulent mixed corivection
wn vertcal tubes

The various applications of turbulence closuics to mixed
convection are considered under the following headings:

(1) Prescribed eddy diffusivity models
(1) Mixing length models
{in) One-equation transport models
(iv) Two-equation transport models
(v} Higher order models

The categorization abose does not convey the complete picture
because of the absence of anv reference 10 the Now formula-
tions adopied (whether fully developed or developing thermal-
hydraulic conditions are assumed 1o prevail). It 1s well established
that very long flow development lengths occur in regions of the
ascending mixed convection regime and therefore the validity
of studies using even the most refined turbulence models cast
ina fully developed formulation can be serious!y compromised.

The mosi general form of the mean Now governing equations
used in the works reviewed below are the time-averaged
momentum and energy equations written in the “thin shear”
(or “"boundary layer”) formulations. Thus, in eylindrical polar
coordinates:

Momentum
.' f. (rVW) 4 i (W= ...l. ‘.’.’¢1£ [,(. (.’.‘_V-{;)]
rér ¢z pd: rir| ér
+(1=pT=T,),, (12)
where
~g forascending flow
".{0' for descending Now
Eneryy
l..{(rVTi-oi(WT)..'.i[r(:. Z.I...'-f'")] (13)
rcr & rir Pt (r

The equations are written in the Boussinesq approximation:
density vanations are neglecied except in the body fe. e term
of the momenium equation where a linearized function of
wmperature is employed. The models in categories (i) 1o (iv)
above make recourse 10 the concept of turbulent viscosity by
which Reynolds stress appearing in the momentum equation
i related to the mean velocity gradient:

o . W
W (14)

ér

Similarly, the turbulent heat Nlux in the encrgy equulion is
related to the mean temperature gradient:

. T
Bl (15)
e or
10

The usual practice 18 10 set the turbulent Prandt! number 1o
a consiant value. 0, =09 The different strategies adopted to
determine turbulent viscosity. v, are vital 1o the success (or
lack of 1) experienced in the application of turbulence models
10 turbulent mixed convection: it will be seen below (hat the
simpler models fail 10 capiure even the general (rends of heat
transfer impairment and enhancement,

(1) Prescribed eddy diffusivity models

The “eddy dilfusivity " approach prescribes turbulen: VISCOSI Y
4s a function of postion in the flow without any direct reference
1o local features of enher the mean field or time-averaged
turbulence field Tanaku er a/’® examined turbulent mized
convection tube flows using 3 modification of Reichardi's’'
eddy diffusivity model. The wall temperature distributions for
a veruical heated tube compuied by Tanaka et al were opposite
10 observed behavior, showing heat transfer enhancement for
ascending flow and impairmen' for descending flow It was
concluded that “the theory 15 not sufficient 1o estimate heat
transfer coefMicients * The work of Tanaka er al is the first of
a number of numerical studies to be reviewed in which the
developing flow formulation of Equations 12 and 13 is not
employed.

(1) Mixing length models

In the Prandu-Taylor mixing length hypothesis (MLH) it is
postulated that v, may be expressed in terms of a mixing length,
| and the mean velocity gradient:

‘W

ér

(16)

voall

Numerous modifications 1o the original prescription of L
(la=x)) have been proposed (see the discussion of Launder
and Spalding.”? for exaraple) A modification that has found
widespread application is due to van Driest’? in which allowance
1s made for the damping effect of a solid boundary upon
turbulence in the vicinity of the boundary

lwmxy[l =exp(=y"/A")) (h=04d4, A" =260 (n

Malhotra and Haupimann™ implemenied the van Driest
mixing length model in a fully developed mean flow equation sei
Compuied wall temperature distributions lor heated ascending
and descending flow demonsirated the correct trends. indicating
heat transfer impairment for upflow and enhancement for
downflow. Comparnison . 1 the wali temperature data of
Jackson and Evans-Lutterodi*’ for carbon diovide at near-
critical conditions showed good agreement for descending Nlow
but poor quantitative agreement for ascending fNlow (Figure 22).
although the highly variable Nuid properiies of the experiment
represent a considerable added coraplication.

Walklate™ tested four mixing lengih models against the data
for licated upfow of air with uniform wali flux obiained by
Carr et al * The dara show significant influences of buoyancy.
demonsirating velocity profile inversion in three of the four iest
case and # marked reduction in the level of Reynolds siress.
The four mixing lengih models used by Walklate represent
various mod:fications of the van Driest formulation. Walklate
used the developing flow equations of the form given above.
thus eliminaiing an uncertainty present in the work of Tanaka
et al.’® and Malhoira and Haupimann.™ Comparison was
made with the bulk parameter data (Stanton number and local
friction coefMicient) und profile measurements of Carr ¢ ul.
Discrepuncies between calculated and measured bulk parameters
were large. and computed velocily. lemperature and Reynolds
siress profilcs were in poor ugreement with the experimental
data
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Figure 22 Companson between calculations ol Malhotra and
Hauptmann' and data of Jackson and Evans Lutteroo™ for
supeicritical pressure carbon dioxide (adapted from Malhotra ang
Hauptmann™ with permission of Marper and Row)

An early hybrid work by Hsu and Smuth®’ combined an
expression for near-wall turbulent viscosity due 10 Deissler’’
with the mixing length model for the outer region The
calculations indicated only enhancement of heat transfer for
heated ascending flow. a result that s again contrary (o
observed behavior. The likely cause of this result is the Deissler
near-wall formulation which, although stnictly not a prescribed
eddy diffusivity mode! as defined carlier, nonetheless does not
correctly reflect turbulence production. It should be added that
fully developed Now was assumed in this early attempt to
caiculate turbulent mixed convection.

(1) One-equation transport models

Studies of turbulent mixed convection in vertical tubes have
been performed using turbulence models that employ the
turbulent viscosity concept but which form v, from turbulence
quanuties and include transport =fTects. The basis for intro-
duction of turbulence quantities into an equation for v, 15 the
?randtl-Kolmogorov formula in which the square root of
turbulent kinetic energy, k, forms the velocity scale in the
constitutive equation. Thus,

vmk'3 (18)

Models in which a transport equation for ane of the scales
(in practice the velocily scale via k-transport) is employed are
known as “one-equation” models Axcell and Hall** appiied a
vanation of Wollshtein's’® one-equation model 1o their expen.
mental data for heated descending air flows. An imporiant
feature of the Wollshtein model is that it is appl.cable over the
entire flow domain, including the viscosity-aTecied near-wall
region and thus does not require the specificaton of “wall
functions” to bridge that region. Axcell and Hall's calculations
were qualitatively correct, showing enhancement of heat iransfer
with respect to forced convection. The predicted enhancement
was, however, considerably less than that found experimentally
(Figure 23). It was concluded that the one-equation model does
not offer any advantage over a mixing length model in mixed
convection calculations. Again there are discrepancies between
the thermal-hydraulic conditions of the experiment and the
modeled problem and a fully developed condition was assumed
in the analysis (although rapid thermal-hydraulic development
in descending mixed convection flows makes the assumplion
far less limiting than in ascending flows where in many cases
it 13 wholly inappropriate).

(1v) Two-equation transport models

“Two-equation™ models have been applied with some success
to turbulent mixed convection. These incorporate transport

Int. J Heat and Fluid Flow. Vol 10, No. 1, March 1989
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constitutive equation for v, The turhulence quanines most
often selected 10 form the scales are the tuehulent kineng energy,
A and 1s rate of dissipation, e, as evidenced by Shih's hiersture
surveys ' *° The lengih scale s obtamed as 4" ¢ ¢ and the
Prandil-Kolmogorov formula takes the following form:

vuC ke (19)

Walklate™ tested three versions of the k ~r model with
developing Nlow formulations against data of Carr er ul..™ the
first model examined was a standard “high-Reynoids-number”
model (Launder and Spaldm;‘ 'Yin which the & and ¢ transport
equations were solved for the region v’ 2 M0, analytical wall
functions being employed (o bridge the near-wall region. The
other two models were varunts of a partial low.Revnolds-
number treatment in which a damping term was applied 1o the
expresscon for v, (Equation 19) following Jones and Launder *#44
The forms of the & and ¢ equanions were unaliered from the
high-Reynolds-number version talthough A-aransport was solved
over the entire low ) Walkiate found that. as & group. the & =
models performed better than the mixing length models in com-
puling turbulent mixed convection. Meat transfer caleulated
using the partial low-Reynolds-number models showed relatively
good agreement with the data of Carr ef ol poorer agreement
was evident when the high-Reynolds-number model was applied
These results were supporied by compansons with the flow
profile measurements of Carr 1 al.; the general picture to
emerge was thal improvement could be gained by the use of
partial low-Reynolds-number modifications. However. no mode!
yrelded high quantitative accuracy. Walklate made a single test
of a partial low-Reynolds-number model against one of the
velocity profiles measured by Axcell and Hall** for descending
flow but found that agreement with data was poorer than that
found in the comparisons made with the ascending flow profile
data of Carr er al

Abdelmeguid and Spalding®® combined a standard a~r¢
model with (unspecified) wall functions in a developing Now
solution scheme. Computed resulis demonstrated the correct
trends tn mixed convection heat transfer, i.e. for heated upfiow,
impairment at low Grashof number was succeeded by enhance-
ment a1 high Grashol number and, for heated downflow,
enhancement was found for all values of Grashof number
(Figure 24) There was no comparnson with experimental
data for bulk parameters: however, reasonable agreement was
obtained with the velocity and temperature profile measure.
ments of Buhr e al*' for heated ascending Now of mercury

Thus, from the results of Walklate™ and Abdeimeguid and
Spalding.** it would appear that the k =z model offers un
improvemnent over simpler models in the calculation of turbulent
mized convection, although there are significant discrepancies

" f o feperiment  Gr o 0t!
Ny t Lapermment Grs 2 o 10’ s *
100 ¢
100 p
. S 4 4 " A -
0 1 L ] (] 10 n
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Figure 23 Comparnson between expermental data and theory for
downward flow turbulent mixed convection (adapied lrom Axcell
and Hal™ with permission of Harper and Row)
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Figure 25 Companson between calculations of Cotton and
Jackson™ ™ and data of Steine™ for ascending air flow (sdapied
trom Cotton and Jackson** ™ with permiss.on of the Amerncan
Socety ol Mechanical Engineers)

between computational results and experimental da:x. The
likely cause of these discrepancies lies in the treatment of the
near-wall region: Hall and Jackson®* identified the importance
of deviauons from “universal” behavior in this region in
deiermining levels o mixed convection heat transfer and
Walklaie found 1721 agreement with experimental data was
improved by the adoption of a partial jow-Reynolds-number
treatment,

Cotton and Jackson***? examined the performance of a
low-Reynolds-number k ~ ¢ model due 1o Launder and Sharma**
(a minor re-optimization of the Jones and Launder*?*? model)
against @ wide range of mixed convection data for air flows. I
was found that the full low-Reynoids-number treatment cast in
the developing flow formulation reproduced 10 good accuracy
both the experimental heat transfer and (where available)
velocity, Reynolds stress and ume«alun profile measurements
of Carr et al..™ Byrne and Ejiogu’® and Steiner®® (all ascending
flow) and of Easby*’ (descending flow with moderate buoyancy
influence). Figure 25 shows an example of the results obtained
by Cotton and Jackson: the heat trunsfer data of Steiner are

12

computed accuraiely over a development length of approxi-
mately sixty tube diameters. Good agreement was also obiained
with the velocity profiles of Axcell and Hall** for descending
fNlow at high levels of buoyancy, but predictions were in less
than complete accord with heat transfer data. a feature that is
examined (uriher below Polyakov and Shindin®" have recently
published experimenial data shywing heat transfer, velocity,
lemperature and turbulence parameiers in heated upward fllow,
and the present authors intend 1o make comparisons with
theoretical predictions as part of their continuing programme
of research

It was noted above that the dutu of Axcell und Hall were
not computed sausfacionily by Cotion and Jackson using the
Launder and Sharmu mode!. results presented in Refs. 69 and
85 show that the calculations return considerably higher levels
of heat transier thun (huse measured expenimenially (Figure
26) Recent work by the authors®® indicates that improved
agreement with data 1s obiained by the inclusien of an
addinonal source term in the c-equation proposed by Yap**
Further work is in progress 10 investigate buoyancy-induced
recirculation using an elliptic solver developed by Huang and
Leschziner *©

Two further low-Reynoids-number A ~ ¢ studies are reviewed.
Renz and Bellinghausen®' used the Jones and Launder model
{0 compute heat transfer (o an ascending flow of a refrigerant
under the conditions of an experiment by Scheidi®? carmed out
near the thermodynamic crincal point (and therefore with
highly variable fluid properues). The correct qualitative trends
of wall temperature development were found, although there
were some significant quanntative discrepancies as shown in
Figure 27. Tanaka et o/.*’ compared a slight variant of the
Jones and Launder model against their data for heated upflow
of nitrogen and found generally good agreement between
measured and calculated Nusselt numbers. Comparison with
data was limited, however, and does not appear 1o include
points in the vicinity of maximum heat transfor impairment.
Tanaka et al. used the fully developed formulation for their
caiculations which is unsuitable for application to Nows with
high heat transfer impairment where long development lengths
occur

(v) Migher order models

“Reynolds siress” or “second moment” turbulence models do
not rely upon the turbuleni viscosity concept. but instead
Incorporate (ransport equations for second order velocity and
temperature correlations. Launder® provides a comprehensive
discussion of these models. The complexity of Reynolds stress
models led to the development of truncated forms known as
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Figure 26 Companson between calzuistions of Cotion and
Jackson™ and data of Axcell ang Hal™ for descending ain flow
(re-drawn from Cotton and Jackson™ with permission of the
Amencan Society of Mechanical Engineers)
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“algebrase stress models™ (ASMs). Reynolds stress models und
ASMs have found application in complex flows; howsver, as
shown by Launder.” the ASM lormulation reduces 10 k ~¢
form in thun shear flows. To and Humphrey®® applied low-
Reynoids-number k ~cand ASM formulations 1o free convection
slong a heated vertcal plate but found only slight differences
between the performance of the iwo models. De Lemos and
Sesonske®” applied an ASM 10 mercury mixed convection tube
cw and found qualitative agreement with data.

Finally, the direct interaction of buovancy and turbulence
via the fluctuating density-velocity correlation is considered
Abdeimeguid and Spalding® presented results neglecting
buoyant production and reported that tests indicated that
inclusion of such terms in the &k and ¢ equations had no
significant effect upon their resvlis. The results of Cotion and
Jackson*® confirm this finding, at least 1o the extent that the
buoyant production terms were found (o exert at most a second
order influence. Petukhov and Medvetskaya®® adopied a some-
what unusual twe 2quation turbulence model in which equations
were lormulated for turbulent kinetic energy and mean square
enthalpy Puctuations with buoyant production terms included
but conveetion and diffusion neglecied. Bulk parameter calculs-
tions were consistent with experimental data but no comparison
with profile measurements were made. Further work is necessary
in order 1o clarily the importan. ¢ of direct interaction terms.

Conclusions

In laminar mixed convection heat iransfer is enhanced in heated
upward flow and impaired in heated downward flow. The
problem is amenable 10 calculation, although transition to
turbulent flow may occur earlier than for forced convection or
free convection alone.
Turbulent mixed convection heat transfer to moderate Prandtl
number fluids is dictated by changes in turbulent diffusion. In
“heated upward flow heat transfer is impaired with modest
buoyancy and enhanced with high buoyancy. It is not possible

Int. J. Hew and Fiud Flow. Vol 10, No. 1. March 1989

imparrment using local parameters. In contrast hea :nmfc,
levels in heated downflow increase monatomcally with increasing
buoyancy and have been correlated successiully in 1erms of
local vaniables

Turbulent mixed convection may ofien b caleulated
accurately using turbulence modeling techniques provided that
4 developing flow solution 1s used and that the turhulence mode!
allows for changes in both turbulence velocity and length scale,
“"Low-Reynolds-number’ models should be used. permitting
solution up to the heated surface; the shear siress may vary
significantly ciose 1o the wall and wall funcuons based on
uniform shear are not applicable.
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Studies of mixed convection in vertical tubes
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The early study of convective heat transfer considered the branches of forced and tree
convechion independently with only passing reference to theit possible interaction In fact
the two are exireme cases of the general condition of “mixe "' or “combined’ forced and
free convection where both mechanisms operate simultane. . siy. The present conirbution
2ims 1o provide an up-to-date review of those works concerned with mixed convection
heat transfer in vertical tubes. The review is divided into two sections, the first dealing
with laminar flow. and the second with turbulent flow, funther subdivisions are made
according to whether the work is theoretical or experimentai. Comparisons between theory
and experiment are made where possible, expressions defining the conditions for onset
of buoyancy etects are presented and equations for determining heat transfer are given
The paper ends with some general comments and recommendations The survey 1s

stricted 1o fluids of moderate Prandtl number. mixed convection in haquid metals can
display very different charactenstics which will be discussed in a future paper

Keywords: mixed convection; combined convection; buoyancy-infiuenced flow inter-
action between forced and free convection: laminarization: thermogravitation

troduction

The term “mixed convection” is used 1o describe the process
of beat transfer in fluids where, due 10 va riations of gravitational
body force associated with non-uniformity of density within
the system, the flow ficld is significantly modified from that
which would prevail under conditions of uniform density. The
processes involved are usually thought of in terms of the concept
of Nuid buoyancy and the effects are frequently referred to as
eflfects of buoyancy on heat transfer.

in the early development of the subject of convective heat
transier, free and forced convection were studied separately and
any inieraction beiween the two was ignored. When the
possibility of such interactions began 10 be investigated, atiention
was ai first resincted to laminar and transitional flow conditions.
More recently it has become clear not only that measurable
influences of buoyancy can exist in fully turbulent flow, but
that under certain conditions buoyancy effects can in fact be
the dominant factor in determining heat transfer.

In this paper atiention is focussed on mised convection in
vertical tubes, Two thermal boundary conditions are of particular
interest, namely uniform wall temperature and uniform wall
heat flux. The early experimental work on mixed convection
was carried out using test sectic s heated by means of saturated
sieam, resulting in approximately uniform walil temperature.
Later workers have in the main utilized electrical heating
leading 10 approximately uniform wsli heat flux.

The effects of buoyancy on heat transfer rates can be either
10 enhance the process or to impair it depending on the flow
onentation (sscending or descending), the flow conditions and
on heated length. A sounc understanding of the processes
; ved is needed in order 10 take proper account of the effects
©. wuoyancy on heat transfer in the design of thermal systems.

Acdiess reprint requests to Proflessor Jackson, 8t the Depariment of
Engineenng. University of Manchester, Manchesier M13 9PL. UK

L1985 Butterworth Publishers
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Laminar flow mixed convection

The effect of simultancous buoyancy forces and externally-
apphed pressure forces on sicady laminar flow in a vertical pipe
1s amenable to calculation. The general result is that w..=n the
flow 1s in the upward direction past @ heated suifac: (or
downwards past a cooled surface) heat transier is enhanced.
whereas in the opposite cases heat transfer is impaired. These
influences are not the result of any change in thermal difTusivity
but are instead a consequence of the disiortion of the velocity
field and patiern of convection in the Nuid

Theoretical studies of laminer mixed convection

Work on the subject dates from 1942, when Martinelli and
Boeiter' analysed a very simple fully developed flow model.
Other fully developed solutions were subsequently reported by
Ostroumov,? Hallman,® Hanratty et al..* Brown.* and Morton *

With time and the advent of digital computers the number
of the simplify.ng assumptions decreased and. in particular,
atiempts were made 10 obtain developing flow solutions. Rosen
and Hanratty,” following earlier work by Piglord.® used the
boundary layer integral method with power series for the
velocity and iemperature profiles. Thus they reduced the
problem 1o one of integrating & number of simultaneous
non-linear differential equations. Numerical solutions. taking
account of the variations of all the physical properties, were
obtained for upward flow of air with uniform temperature by
Bradley and Entwistie * Marner and McMillan'® also obtained
numerical solutions for this boundary condition taking account
of flow development. Their pfi:cﬁom of anithmetic mean
Nusselt number are shown in Mgure 1. Figure 2 shows an
interesting caiculation of local Nusselt number for which the
influence of buoyancy increases following the thermal entry
development and then reduces further downstream as the Nuid
temperature approaches the wall temperature.

Int J Heat and Fluid Flow Vol 10 No 1 March 1529
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Experimental, Variable Properties
Natural Convection From a Large,
Vertical, Flat Surface

Natural convection heat transfer from a vertical, 3.02 m high by 295 m long,
elecirically heat surface in air was studied. The air was at the ambient lemperature
and the atmospheric pressure, and the surface lemperature was varied Sfrom 80 C 15
520 C. These conditions resulied in Grashof numbers up 10 2 x 10" and surface-io.
embient temperaiure ratios up 1o 2.7. Convective heat transfer coefficients were
measured a1 105 locations on the surface by an energy balance. Boundary layer
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T -0
Nu, = 0.098Gr! ’(——-)
Te
when all properties are evaluaied at T, (2) variable properuies do not hgve g
significant effect on laminar natural convection heat transfer; (3) the transition
Grashof number decreases with increasing temperaiure; and (4) the boundary igyer
mean temperaturue profiles for turbulent netural convection can be represented by

@ "‘umiversal'' temperature profile

Introduction

An experimental study of the effects of variable properties
on natural convection from a large, vertical, flat, electrically
heated surface has been conducted. The vertical surface was
placed in air at the ambient temperature and atmospheric
pressure and heated to temperatures between 60 and 520°C
These conditions resulted in Gr, upto2 x 10", and T,/ 7,
ranging from 1.1 to 2.7. The objective of this paper is to
present the effects of variable properties noted in the ex-
periment on the natural convection heat transfer from the
surface, on the location of transition from laminar to tur-
bulent flow in the natural convection boundary layer, and on
the natural convection turbulent boundary layer temperature
profile. In addition, comparison of the turbulent boundary
layer temperature profiles to others in the literature indicate
the exisience of a "‘universal' temperature profile for tur-
bulent natural convection. This work was part of a larger
effort to examine a range of heat transfer conditions, varying
from natural convection, 1o mixed convection driven by
orthogonal buoyant and inertia forces, to forced convection,
all from the same vertical surface [1].

Interest in variabie properties effects on natural convection
stems from the desire to predict more accurately the heat loss
by convection heat transfer from the external-type receivers
used in large-scale solar central receiver power plants.
Convective heat loss from receivers can occur in a natural,
mixed, or forced convection mode, In the natural convection
mode, the convective heat transfer from an external-type
receiver, essentially a large vertical, high-temperature surface,
1s complicated by variable properties effects as a result of the
high operating remperatures. There is little information in the
literature concerning variable properties effects on natural
convection, particularly in the turbulent flow regime.

Literature Review

The effects of variable properties on laminar natural
convection in liquids have been reviewed in two recent articles
{2, 3). Vanable properties effects on laminar natural con-
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vection 1. cases hsve been examined experimentally and
analyticaily by several authors [4-7). The general consensus is
that the effects of property variations on laminar natural
convection are small in gases for the T, /T, range studied to
date (0.25-4.0). Reference temperature methods are
recommended by most authors to account for the small
variable properties effects. One author, Hara [4], demon-
strated analytically that when all properties were evaluated at
Tw. the following relationship would account for varisbie
properties effects in air

T.~-T,
Nu-Nu,,[x-o.oss(-———!)] M
T
For those authors recommending a reference temperature
method. definitions of T, ranged from a film temperature
[6, 7] to that given in [5)

T=T.=038(7,-T,) @

in most reference temperature methods, # is evaluated at 7.
One exception is Clausing (7), who recommends that 8 be
evaluated at 7,. This recomendations was based on e
perimental laminar heat transfer data taken at cryogenic
temperatures, where 7, /7, ranged from 1.010 2.6,

Variable properties effects on rurbulenr natural convection
in gases have also been examined by several authors [6-8)
The numerical predictions of Siebers [8] for natural con-
vection from a vertical surface in the 7,/7T, range of 1.0 t0
3.0 with T, at 20°C showed that evaluating the properties,
including 8, at 7, did not correlate the turbulent natural
convection heat transfer predictions in terms of Nu and Cr.
Pirovano et al. [6] correlated their turbulent natural con-
vection experimental results in air in the 7_/7, range of 1.0
to 1.5, with a 7, heavily weighted toward T, and with 8
evaluated at T,. Pirovano et al. defined 7, as

T =T +0.UT, ~T,) 3

I Siebers [8] had used the recommendations of Pirovano et
al. to correlate his numerical predictions of turbulent natural
convection heat transfer, the results, when expressed in terms
of Nu and Gr, would have agreed closely with the ex-
perimental results of Pirovano et al. Clausing (7] used T, with
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TEST MCTON 8

ot by, An open-return, draw-through wind tunnei, |8 m long with

a 48 m wide by 4.3 m high inlet, was built for these ex-
periments (Fig. 1). The inlet nozzle to the tes! secuion has a
two-dimensional 3:1 contraction. The heat transfer test
surface, 3.02 m high by 2.95 m long, is mounted in a sidewall
of the test section. The test secuion is 4.3 m high, 1.2 m wide,
and 4.3 m long. The walls of the test section 1acing the heat
transfer surface are water cooled 10 the ambient temperature,
A small amoun! of boundary layer suction along the top of
the test suriace 15 used (o ingest most of the hot, inner region
of the boundary layer that leaves the top of the test suriace,
thereby preventing straufication in the tunnel. The suction
rate was adjusted using velocily measurements and smoke
flow visualization. The bottom leading edge 1s defined as the
horizontal line where heating starts. Below this line are
another 6 ¢cm of smooth unheated surface; the struts that
support the boundary layer traverse 30 cm off of the test
surface extend through this unheated surface. Figure | shows
the boundary layer traverse centrally located over the test
surface. The traverse was used ‘n some (ests (0 take boundary
layer mean velocity, temperature, and flow angie profiles.
The traverse could move a boundary layer probe vertically or
horizontally over the test surface, rotate a probe about an axis
normal to the test surface, or move a probe normal to the test
surface. The struts supporting the traverse had no effect on
the vertical boundary layer tlow in the natural convection
mode.

The test surface consisted of 21 horizontal strips of 304
stainless steel foil sireiched tightly over a slightly ¢rowned
surface of high-temperature insulating material 5.38 cm thick
(Fig. 1). The strips were heated electrically using a-c current.
Each strip was made from a 14 43-cm-wide by 0.13-mm-thick
piece stainless steel foil, Along the entire length of both edges
of each strip, 0.32 ¢m of the 14.43 cm width was tughtly folded
under, creating a strip with a net width of 13.79 em. The 21
strips were mounted horizontally with a 0.64 ¢cm wide gap
between them to assure electric isolation of the strips from
one another even with thermal expansion of the strips when
heated. Folding the edges of the strips under was done for two
reasons: first, it helped keep the strips flat on the surface (1]
and, second, it provided additional electric power dissipation
(4 percent of the total strip power dissipation) along the gaps
between strips (0 exacily compensate for the unheated gap
area (4 percent of the total area)

Surface temperatures on the test surface were measured at
105 locations, each equipped with a rosetie of three ther:

< BOUNMDAR Y LATES FADSL
- BOAMGARY LATER TRAVIALE
~ TRAVERSE BUPPORT §TR LT 8
“ UNMATAD (LADG (DG

1o R ACE Tt AMOCERS Lt
LOCATION o8

-" e s

fg 1 Schemalic of the apparstus, inciuding the wind tunnel, the test
sarface. and the Douncary layer traverse (+ ‘s reprasent hout transier
seeificiant messurement locetions)

1 sdditional large temperature-dependent correction 10
sorrelate the turbulent natural convection data obtained at
ayogenic temperatures. He did note, however, that using T,
1 the reference temperature for evaluating the properties
aguificantly reduced the size of the temperature-dependent
sorrecuon needed (0 correlate the data. Most basic heat
qansfer textbooks generally recommend a 7, given by
xuauon (2) or T, with 8 evaluated either at 7, orat 7, 10
wcount for variable properties eifects in both laminar and
urbulent flow.

The review of the literature shows that here are conflicling
ecommendations on how to account for vanable propernes
effects on turbulent natural convection heat transfer in gases.
These recommendations range from using a 7, weighted
oward T, given by equauion (2), to a T, weighted toward
To, given by equation (3). Basic heat transfer textbooks
generally recommended a T,,, given by equation (2) or 7, t0
account for variable properties effects on turbulent natural
avavection heat transfer in gases, bul recent experimental and
oumerical works [6-8] point to a T,,, weighted toward 7,
with § evaluated at 7. The differences in these various
meommendations are significant when there are large tem-
perature differences across the boundary layer

Apparatus and Instrumentation

The following is a bnef discussion of the apparatus and
mstrumentation. Further details can be found in {1]. Much of
the apparatus was designed for the mixed- and forced-
onvecuon experiments and i1s described here only 10 com
dletely describe the environment for the natural convection
xperiments.

Nomenclature

layer (24), (g./pc,)¥?

(g86) - n, = length scalar for the inner

& = gravitauonal constant, m/s? y = vertical direction, m region of the boundary layer
Gr, = Grashof number, gd(7. - z = distance normal to the wali, (24), (a*/gB(T, = TWu))"?
T em n, = modified length scalar for the
A = convey'ive hca‘x transfer Greek inner region of the boundary
coefficiert, W/m*C a = thermal diffusivity, m*/s layer,
ID = 1estindeniification number £ = coefficient of volumeiric ko 7T A0H
& = thermal conductivity, W/mC expansion, K ' "'( = ) <-_')
R = exponent on the variable 6 = dimensionless temperature, il L
properties correction .
Nu, = Nusselt number, hy/k ( T.-T > Subscripts
Nu, = Nu, (7./7.)". n = 0.14 for Te=Ts ¢ = conduction heat transfer
turbuient flow, n = 0.04 for & = Length scalar for the outer cp = consiant properties solution
Pr lammla'r Now region of the boundary layer € = electric power
= Prandil number, »/a 3, thermal boundary laver S = film tempeiature
¢ = heat flux, W/m? thickness. - ' r = radiation heat transfer
T = temperature, ‘C e T ref = reference temperature
T, = temperature scalar for the \ (_;_-_ )dz w = wall or surface temperature
outer region of the boundary i ATy =Tt o = ambient condition
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mocouple junctions arranged equally spaced on the cir.
cumference of a 7.5-cm-dia circle. The three thermocouple
junctions of a rosette were connected electrically in parallel so
that the average temperature at the three junction locations
was sensed. The thermocouple rosettes were located un-
derneath the stainless steel heating strips, electrically insulated
from the strips by a thin layer of mica. The 108 thermocouple
rosettes on the test surface formed a staggered array with a 10
vertical columns, as shown by the "'+ 's"" in Fig. 1. Columns
1, 3, 8, etc., had 1] measuring stations, open on each of
heating sirips 1, 3, 8, etc.: Columns 2, 4, 6. eic., had 10
measuring stauons, located on heating strips 2, 4, 6, etc.

An extensive program of analysis and bench lesting was
conducted on protoiypes of the electrically heated test sur-
face. The analysis and tests verified that the surface ther-
mocouples installation would measure T. (in"C) within = |
percent, even though the thermocouples were not welded (o
the strips (1].

The natural convection data were taken only on calm nights
since the tunnel was outside. A hatch in the roof of the tunnel
was open and the lop-edge suction was Operated 1o mimimize
stratification in the test section. Flow visualization with
smoke showed that the air in the test section was essenuially at
rest. Except for the boundary layer on the heated test surface.
there was no discernible flow. The stratfication in the test
section for the natural convection tests was small, ranging
from less than 1°C from top 1o bottom of the test surface for
low-temperature tests to 10°C over the top half of the test
surface at a T, of 520°C. (The bottom haif showed no
stratification for any tests.) For tests where stratification
occurred over the top half of the test surface, the local 7 at a
Biven elevation was used in the data reduction

Heat transfer coefficients were calculated at each of the 10§
surface temperature measurement locations on the test
surface on the basis of an energy balance

he J0 =40 =4,

(FoeTy) “

~

where

g, = electrical power dissipated
¢ = net radiation heat transfer from the front of the test
surface

¢. =conduction heat transfer through the back of the Lest
surface

The data reduction was doneona minicomputer system whick
acquired and then reduced the data on-line. For natural
convection tests, g, ranged from |4 percent for the lowest T,
cases 10 44 percent of the electrical power dissipated for the
highest T, cases, while @ was typicaily 8 1o 14 percent of the
electrical power dissipated.

The electric power dissipated per unit area at a temperature
Mmeasurement point on a given heating strip, Gey Was equal to
the average electric power dissipated per unit arza for that
strip. This resuited from the uniformity of the electric power
dissipation by each heating strip, which in turn resulted from
the uniformity of temperature (i.e., uniformity of resistivity)
on each horizontal heating strip for the natural convection
mode of heat transfer and the uniformity of the heaung sirip
thickness, x| percent. The average electric power dissipated
PET unit area on a heating strip was determined from the
product of the measured RMS voltage drop across the length
of a heating strip and the measured RMS current through &
heating strip, divided by the surface area of the sirin ‘in-
cluding the folded under edges) between the Voi.dge
measurement points. The small effect of thermal expansion
on the surface area of a heating strip, which caused a |
percent increase in surface area for the highest temperature
case, was taken into account. The uniformity of electric
power dissipation for all the 105 surface temperature
measurement points was = 2.$ percent,
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Severai checks were made on the uniformity of gng the
measurement of the electric power dissipated [1). Ope im.
portant check confirmed the accuracy of the voltage and the
current measurements used (o determine Q.- In this chec, the
resistivity of the siainless steel as a function of lemperatyre
determined from the strip dimensions and from the sinp
voltage and current measurements made during actual heg
transfer tests was compared with direct measurements of (p,
resistivity of a sample of the 304 stainless steel heated in an
oven and with resistivities reported in the literature for 34
stainless sieel. The independently measured resistivities agreeg
within | percent over the emperature range of the ¢.
periment. There was also similar 800G agreement between (pe
measured resistivities and those reported in the literature,

The radiation heat transfer from the surface 10 the tunne|
walls @,, was determined from a three zone, diffuse, gray
body radiation heat transfer model. The zones in the mode|
were (/) the tunnel walls surrounding the test surface (which
were water cooled), (if) the local spot on the surface where 4
was being measured, and (1) the remainder of the test sur.
face. Shape fzctors between the zones were: 0, 1, or an area
ratio in the case of the tunnel wail 1o tes surface shape factor
The temperature boundary conditions for the three zones were
respectively (/) the average tunnel wail temperature deter.
mined from the measurement of the tunnel wall temperatyure
al 15 locauons with thermocouples, (i) the local surface
lemperature measurement on the test surface where & was
being measured, and (iif) the average test surface temperature
measurement caiculated from all 105 surface temperature
measurements. The tunnel wall temperature rarely exceeded
40°C at any spot, since it was water cooled. As a result, the
average tunnel wall temperature was always near ambient and
not an important factor in determining ¢, in equation (4).

The emittance of the stainless sieel test surface was
determined (rom measurements of the normal, spectral
reflectance of the 304 stainless steel in the 2.0 to 25.0 micron
wavelength range at up to 70 wavelengths with a paraboloid
reflectometer. These measurements were integ - ied over the
appropriate Planckian blackbody distribution for each
temperature considered and subtracted from one to give the
normal, total emittance. The hemispherical, total emittance
was then obtained from the relationship that exists between
the hemispherical, total and normal, tota! emittances of
smooth metal surfaces found in [9]. These measurements of
hemispherical, total emittance agreed very well with previous
measurements of emittance for the same material by other
researchers (10, 11] and with the theory for smooth metal
surfaces found in [9). Also, the measured temperature
dependence agreed with the lemperature dependence given by
the smooth metal surface theory. The measuerments show the
emissivity is 0.13£0.0] at ambient temperatures and
0.2220.01 at the peak temperatures of the experiment. No
detectable effect of material aging during testing was recorded
for test conditions reported in this paper. Measurements of
the emissivity over the lemperature range of the experiment
were made on samples of the stainless steel from before,
during, and after testing.

“"he conduction through the insulation on the back of the
teri surface g, was determined at each of the 105 surface
lemperature  measurement points by applying a one-
dime.isional conduction model between two locations through
the 5.38 cm depth on the itsulation. The two locations were (1)
the surface temperature measurement point and (i/) a point
directly behind the surface lemperature measurement point
where a thermocouple was located between the two layers of
insulation that made up the insulated back of the test surface.
Varistion of the thermal conductivity of the insulation with
lemperature was accounted for in the one-dimensiona! model.
A numerical. three-dimensional conduction snaiyis of the
insulation showed that the one-dimensional conduction mode!
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Fig. 3 Matural convection baseline results —Nusselt number versus
atashof number

was accurate to within | percent for areas of the 3 m by 3 m
rest surface B cm away from its edges. The caiculated one-
simensional conduction loss through the insulation for the
hermocouple locations on the top and the bottom heating
irips, which were within 8 cm of an edge of the test surface
10 of the 105 locations), was increased by § percent, based on
ne results of the numerical, three-dimensional conduction
analysis.

The values of A obtained by equation (4) are reliable within
26 percent for the baseline cases and the low-7, cases and
within = 10 percent for the high-T, cases. The unceriainties
were calculated following the method of Kline and Mc-
Clintock [12), using observed values tor the individual un-
certainties in the input terms. The uncertainty analysis was an
important part of the experimental planning process and
served as the principal criterion for choosing among alter-
native measurement techniques and for setting the standards
for acceptable accuracy on the individual measurements.

Boundary layer mean temperature profiles were taken with
2 0.052 mm type-K thermocouple probe [1]. Natural con-
vection velocity profiles, taken with a pressure probe, were
used in making a correction to the thermocouple readings.
The correction accounted for errors caused by raciation
between the thermocouple, the hot test surface, and the cold
tunnel walls, as well as conduction heat transfer down the
thermocouple stem. The model used for the radiation
correction is similar to the three-zone model used for the
radiation correction in equation (4), except that a fourth zone
has been added 10 the model to represent the thermocouple.
The corrections made were small. The boundary layer mean
temperature data are reliable within the larger of £2°Cor =4
percent based on the same method of uncertainty analysis that
was used to determine the uncertainty of A. The measurement
of distance norma!l to the test surface for the boundary layer
profiles was accurate 1o within 20.12 mm.

Apparstus and Instrumentstion Qualification

To qualify the apparatus and instrumentation, baseline
{i.e.,, low wall-to-ambient temperature difference) heat
transfer tests were taken in both the forced and natural
convection modes and compared with accepted flat-plate,
uniform heat flux, constant properties correlations appearing
in the literature. Also, baseline boundary layer profiles of
lemperature and velocity were taken for forced convection
and compared with accepted profiles appearing in the
literature for flow on a flat, uniform heat flux surface. The
forced convection baseline resuits are presented in (1). The
forced convection heat transfer results show excellent
agreement with the accepted forced-convection heat transfer
correlations for both laminar and turbulent flow on a flat,

Joumnai of Heat Transter

uniform heat {lux surtace. The transiion from laminar (0
turbulent flow occurs at Reynolds numbers noted by the
others in the literature. The forced convection baseline
boundary layer velocily and temperature profiles show similar
good agreement with accepted forced convection protiles for
both laminar and turbulent tlow on a flat, uniform heat flux
surface.

The natural convection baseline heat transfer results are
shown in Fig. 2. Two natural convection baseline heat
transfer tests were taken with 7, equal to 60°C and 128°C
and 7, equal to 15°C and 18°C, respecuively. The baseline
results are plotied in Nu, versus Gr, coordinates in Fig. 2 with
fluid properties evaluated at a T, 2qual to 7. (The choice of
T, for these low-emperature difference tests has very little
effect on the data in Fig. 2). The 21 points shiown for each test
are each the averages of the five data points along a horizontal
heating strip (see Fig. 1). The RMS vanation of the five data
points along a heating strip was 4 percent or less,

The solid line in the laminar flow region in Fig. 2 (Gr,
< 10%) represents accepted constant properties natural
convection currelation for laminar flow on & vertical, uniform
heat flux surface in air [13]

Nu, = 0.404Gr ! (5

in the turbulent flow region (Gr, > 10'%), three lines are
shown. The two solid lines represent the range o1 correlauons
in the literature for turbulent natural convection from a

vertical surface. The dashed line 1s a *'best-fit"" line through
the data in (he literature, represented by
Nu, =0.096Gr )" (6)

Equation (6) is the correlation recommended by Churchill and
Chu [14) for wurbuient natural convection from a vertical
surface with the coefficient 0.096 evaluated for a Pr of 0.71.
The equation 1s based on their survey of the then current data
(1975). The data at that time included only low-temperature
difference data with minor variable properties effects.

Figure 2 shows three main points. First, the agreement
between baseline laminar data and the accepied constant
properties correlation 1s good. Second, the baseline turbulent
data lie within the range of correlations appearing in the
literature and agree very well with the 'best-fit"" correlation
of Churchill and Chu. Third, the transition location for the
baseline data agrees with other data in the literature that show
transition between a Gr, of 10" and 10'%. This close
agreement between baseline data and the data in the literature
qualifies the apparatus and instrumentation, In addition, the
close agreement shows that the small horizontal gaps between
the 21 heating strips have little, if any, effect on the results.
The lack of effect was expected, since the total area of the
gaps was small compared (o the heated area of the test sur-
face, a small amount of additional heating to make up for the
unheated gaps was provided along the gap edges by the folded
under strip edges, and the depth of the step created by the gap
(= 0.13 mm) was small compared to the boundary layer
thickness, which was as large as |5 cm.

in addition (0 the baseline tests, 8 comparison was made
between the heat transfer coefficient as determined by
equation (4) at a given location on the surface and one which
could be determined from a boundary layer temperature
profile measured at that same location by the following
relationship

h= -‘—1—0- (M

dz

This comparison was possible for 43 cases. These were cases
which had boundary layer temperature profiles with tem-
perature measurements well into the viscous sublaver of the
turbulent boundary layer or the inner region of the laminar
boundary layer (§ < 0.2), where equation (7) is valid. Two of
the cases were natural convection profiles, and 41 were forced
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or mixed convection profiles taken as part of the forced and
mixed convection experiments also conducted with this ap-
paratus. The profiles were for the 7, in the 200°C 10 580°C
range. The average ratio of the measurement of A from
equation (4) to the measurement of A from equation (7) for
the 43 cases was | .008 with a standard deviation ot |4 percent
The closeness of this ratio to 1.0 is a check on the consistency
of the independently measured surface heat transfer data and
boundary layer temperature profiles over the entire tem-
perature range of the experiment. Other consistency checks
are presented in ).

Resuits and Discussion

Heat Traonsfer. Variable properties effects on natural
convection heat transfer from an electrically heated, vertical,
3.02-m-high by 2.95-m-long surface were siudied. The
ambient temperaiure was approximately 20°C. Average
valuesof T, that were considered were 60, 128, 222, 349, 424,
477, and 520°C. These temperatures resulted in 7, /T, ratios
from 1.1 to 2.7. Figure 3 shows the heat transfer results in
terms of Nu, and Gr, with all properuies, including 8,
evaluated at T, for each test. The 21 daia points shown in
Fig. 3 for each surface temperature were obtained in Lhe same
manner as those for the baseline cases shown in Fig. 2. For all
tests except test [D S85, the test surface was at sieady-state
conditons. Test $85, which had to be stopped before steady
state was reached, has a transient energy storage correction
equal w0 -5 percent of electric power dissipated. This
correction accounted for energy being stored in the insulation.
The correction was based on measurements of the insulation
temperature taken over a 10-min interval and was made along
with the radiation and conduction corrections in equation (4).

In the turbulent region (Gr, > 10'°) in Fig. 3, the data
shows two important points. First, there is a small decrease in
Nu, for a given Gr, as T, increases, when properties are
evaluated at T, . Second, each data set for each temperature
remains parallel 1o the low-temperature difference correlation
given by equation (6) from Churchill and Chu; the seco..d
point in most visible for test 585, This latter point means that
Nu, remains dependent on Gr}’? in the turbulent flow region
with increasing temperature difference across the boundary
layer, or in other words, the heat transfer coefficient remains
uniform in the turbulent region. Only the coefficient in
equation (6) is changing with increasing iemperature. |t
decreases from the 0.096 value for a small temperature dif-
ference across the boundary layer to a value of 0.08 for the
520 C 1est, u decrease of 15 percent. This decresse does not
imply that the turbulent natural convective heat transfer
coefficient at a fixed locauon is lower for higher 7. It only
indicates that, as a result of property variations across the
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boundary layer, the heat transfer coefficen is less than would
be predicted by the low-temperature difference constani.
properties correlation with all properties evaluated at 7.

In the laminar region (Gr, < § x 10*) in Fig. 3, there 15 a
small decrease in Nu, for a given Gr, as T, increases. The
decrease in Nu, with increasing 7. s mosi clearly shown by
the lower Gr, data point for each 7. As T, increases, the
lowest Gr. data point for each T lies progressively farther
below the uniform heat flux correlation given by equation (5),
the upper line in the laminar region.

The decrease in Nu, with increasing 7. in the laminar
region is not totally due to variable properties effects as was
the case in turbulent flow. The decrease in Nu, is partly due 10
a change in the heat transfer boundary condition on the test
surface as 7, increases. At low temperatures, the surface has
a uniform heat flux, as described earlier. At high tem-
peratures, the surface approaches a uniform temperature as a
result of the radiation heat transfer from the surface. For the
highest teriperature case, 520°C, the test surface is within 2
percent of a uniform temperature surface in the laminar and
transition regions. The correlation for uniform surface
temperature is the lower line in the laminar region in Fig. 3
[15]. A combination of variable properties effects and a
change in boundary condition are indicated by the fact that
the highest temperature laminar data point lies about §
percent below the uniform surface temperature relationship.

Unlike the situation in the laminar region, a change in
boundary condition does not occur in the turbulent region. A
vertical surface with a turbulent natural convection flow over
itis simultaneously a uniform temperature and a uniform heat
flux surface (i.e., & is spatially uniform for a given T,).
Churchill and Chu's uniform temperature and uniform heat
flux correlations based on ‘*best fits"" of data in the literature
are only different by 2 percent for a Pr of 0.71. The difference
is well within the uncertainty of the data available.

When all the properties are evaluated at T, the variable
properties effects noted in Fig. 3 for turbuient natural con-
vection in air are accounted for by the following relationship

T -0
=0, 173 __:_)
Nu, =0.098Gr} 7= ®)
This equation is based on a “‘best fit'"' of the natural con-
vection data in Fig. 3, where the 1/3 power on Gr was
assumed as a result of the lack of dependence of A on y (shown
by each set of the heat transfer coefficient data for each T.).
The coefficient in equation (8) is 2 percent higher than that in
the baseline equation, equation (6), and a temperature ratio
correction has been added to account for the effects of
variable properuies. Figure 4 (where the Nusselt number, Nu,,
is defined so that it includes the ternperature ratio correction
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- | A comparison of recommendations for evaluating
= properiics effects on turbuient natural convection

16} 17 [16] (l’_] [18)
Eq. (J) Ty T, 4 Eq.(2)
™ 1/ Ta 17T, 1iTa 1T, Vi
| g hih predicted by Eq (8)
1.03 130 098 082 | 090
1 04 147 0.90 0.7 0.87
1.06 110 0.88 0.65 0.82

l.n the definition of Nusselt number) shows that equation
gcoounts for the small systematic decreases in Nu, with
' &‘nng temperature, which appeared in Fig. 3. The tur-
- ( data collapse 1o within =6 percent of the correlation
‘g by equation (8). This percentage is within the un-
aarvainty band on the heat transfer data.
4 ’w\mmble properties effects on turbulent natural con-
jon could also have been accounted for by evaluating all
$ e properties, except 3inGr,,ata T, defined as:
» ol
- T.=037, +077, 9)
term 8 should still be evaluated at 7,,.
he correlation for the laminar natural convection heat
- Bnsfer data, with all properties for air evaluated at T, 15

- -

7 T Ui
aT 1o
Nu, = aGr («T—:-\ (10)
term @ equals 0.404 for a uniform heat flux surface and
by . 46 for a uniform temperature surface, the values reported
3 he literature. Eguation (10) agrees with numerical
g" xedictions made by Siebers (8) for T,/T4 < 3.0, with the
Mhare detailed laminar data for 7,/T. < 1.5 from the ex-
a iSerimeats of Pirovano et al. and with various analyses for air
NI 31, Equation (10) demonstrates that variable porperties
“WJects on laminar natural convection heat transfer are small
Mhe difference in A calculated from equation (10) with and
K."y out the 7_/T,, corrections ata 7,/7T, of 3.0 would only
L8 4 percent.
! ‘S The effects of variable properties on laminar natural
& Sgoavection heat transfer can also be accurately accounted for
¥ ZBy.evaluating all properuies except 8 in Gr, at T, as noted by
4 row and Gregg |$] and Pirovano et al. The term 3 should
@ill be evaluated at T, as in turbulent flow.
_“'_h: trends noted in the turbulent natural convection region
% new. No experiments were found in the literature for high-
perature flows on a vertical surface with large temperature
' ferences across the boundary layer. The highest tem-
: perature experiment with turbulent flow in gases was by
4« Pirovanc et al. with temperatures up to 150°Cand T, /T, <
* o 3. The one experiment that had large temperature variations
v Oss a turbulent boundary layer was al cryogenic tem-
¥ “Matures. Clausing, who conducted this experiment, noted
erent trends
ble | shows a comparison of the effects of variable
: rties on turbulent natural convection heat transfer from
b o Yertical surface in air predicted by various recommended
P 0ds 1o account for those effects. In the table, the effects-
dicted by five recommendations appearing in the literature
B, 16, 17, 18] are compared with the effects predicted by
method proposed in this paper. The present work
“FWeommends evaluating all properties in the constant
! NOperties heat transfer relatnonship at 7, and making the
:\w«nmbiem temperature ratio correction, (7./7,)°"",
y inequation (8).
. ,.,.‘-;-507 each of the five methods from the literature, the table
oo BYRS the 7, at which properties are evaluated, the tem-
Wre used to determine 8, and the ratio of A predicied by
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that methed 1o # predicted by equation (8) for three different
values of 7. (200, 600, and 900°C)and a 7, of 20°C. The
first two metnods listed (6. 7] are recent recommendations
reporied in the literature based on experimental data. The
next three [16. |7, 18] are recomendations reported in most
basic heat transier i1extbooks. All of the methods except
Clausing's, the second method, are reference temperature
methods. Clausing evaluates all properues, including 4, at T,
and makes a large correction based on 7, /7, to account lor
variable properues effects. The correction is given in Fig. | of
71.
[ ’The constant properiies Nusselt-Grashof number
correlation to which all the recommended methods presented
in Table | are applied 1s given by equaton (8) without the
(T,/Tu) """ rerm. The correlation represented by equation
(8) without the (emperature ratio term s not significantly
different than the constant properties correlations used in
cach of the reterences in Table |. The only difference is in the
coefficient (0.098 in equation (8)) in each correlation. Ap-
plying all methods (0 one constant properiies correlation
a'lows the difterent methods of handling vaniable properuies
to be compared. without introducing the small differences in
the coefficient ot the constant propertias relationship that is
recommended in each work. Effectively, this means that
Table | compares with relative trend in the variable properties
¢ffects predicted by each method for increasing 7, with that
predicted by equation (§)

Table | shows (hat the first method, from Pirovano et al
(the most closely related experiment 10 the work described in
this paper), predicts substantially the same variable propernes
effect as equation (8) for all temperatures. This reference
temperature method uses a T,,, heavily weighted toward 7,
given by equation (3), with 8 evaluated at 7. It is based on
an experiment with values of T, up to 150°C. The second
method in the table, the method recommended by Clausing
based on data taken at cryogenic temperatures, predicts 30
percent higher heat transfer at 300°C, but only 10 percent
higher at 900°C. This trend indicates that his method predicts
a different vaniable properties effect on turbulent natural
convection with increasing 7, than equation (8) does. The last
three methods in Table |—the textbook methods—predict
progressively lower heat transfer coefficents with increasing
T. This trend is particulary true for the fourth method,
where 3 is evalauted at T, along with the rest of the
properues

The disagreement between the methods recommended in
this work and the last three methods is most likely explained
by the fact that these recommendations are based on forced
convection experience or on a laminar flow natural con-
vection analvsis by Sparrow and Gregg [5). No turbulent
natural convection data with significant variable properues
effects are arailable. Recommendations based on forced
convection experience should not be expecied to work a prior
for turbulent natural convection. Similary. recommendations
based on Sparrow and Gregg's laminar (low analysis should
not be expecied 10 work a prion for turbulent natural con-
vection since, first, the analysis was for laminar natural
cenvection heat transfer and, second, the variable properties
effects on which they based their conclusions in that analysis
were only a few percent for the realistic gas models and
temperature ranges studied (330K < T < 1000K, 7, /T, <
3.0). For example, if an A for air predicted using 7, as the
reference temperature in  the laminar heat t(ransfer
relationship, equauon (5), is compared to an A predicted with
the same relationship using Sparrow and Gregg's recom-
mended reference temperature, given by equation (2), there
would be less than a | percent difference for 7, at 600°C and
Te. at 20°C (T./T. = 3.0). The reasons for the
disagreement with the results of Clausing are not clear at this
point. One possibility is that variable properties effects on
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turbulent natural convection are different for different fluids
i significantly different lemperature ranges.

Transition. Figure § <hows the effect of 7, on the natural
convection transition from laminar 10 turbulent flow for fixed
Tw. The figure is a plot of the log,; of the Grashof number
based on y_ versus Ti Ty The length y, is the location of
either the minimum 4 or the maximum A. The location of the
minimum A is the point where 4 begins to deviate from the
laminar 4 value. The location of the maximum 4 is the first
point at which A equals its fully turbulent value, which 15 a
constant. The resolution in determining these iocations is plus
or minus the width of one heating strip. Unceriainty bands
based on this resolution are shown in Fig. . The upper value
for Gr, at each T /T, corresponds to the location of
maximum 4; the lower value rorresponds (o the minimum A
location. The zone between the minimum and maximum A is
defined here as the ‘‘transition zone'' (the crosshatched area).
All properties in this figure are evaluated ar 7. with the ex-
ception of 8, which is eva uated at To. Film tecaperature was
used largely because transition starts in the laminar boundary
layer where one way 1o correlate heat transfer data 15 10
evaluate properties at T,, as discussed earlier. The solid lines
conneung the data points from this experiment are for visual
referince only

Figure § shows that T. has a significant effect on the
stability of the boundary layer for a fixed Ta. As T/T.
increases, the Grashof number a! which transition occurs,
Gr,(, decreases significantly up to a T./T, of 1.75. Fur.
thermore, the size of the transition zone, in terms of the
differerice between Gr,t at the minimum and maximum A
locations, decreases uptoa 7,/T, of 1.75. This decrease in
size is 4iso true in terms of vertical distance, However, the
ratio of Grashof numbers at the minimum and maximum A
locations remains fixed at approximately 5.0. These results
agree closely with the results of Pirovano et al. for T./Te up
10 1.5. The very low-temperature ratio case agrees with the
results of Cheesewright [19).

Beyonda T, /T of 1,75, transition zone size and location
in terms of Gr,' appcar fixed, This apparent trend is
believed due 10 a Joss of resolution in locating the transition
zone. By T,/T, = 1.7, the transition zone has moved down
to the first three heating Strips on the test surface (see Fig. 1)
and is occurring over a very short distance (= | strip). On the
basis of the resolution of the transition zone location, ac-
curate location of the transition zone is impossible when
T./T, exceeds 1.7%. It 15 only clear that the transition zone
does not move upward on the surface for 7_/ Te 2198,

Temperature Profiles, Boundary layer mean temperature
profiles were taken for turbulent natural convection foraT,
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cqual 10 420°C. The corrections to the te.nperature
measurements accounung for errors caused by radiation heat
{ranster and conduction heat transfer (discussed earlier) were
small, ranging from +10°C near the wall 10 ~2°C a1 pe
Outer edge of the boundary layer. |n the following figures, the
unceriainty in z, 20.12 mm, results ina =15 percent yp.
ceriainty in the nondimensional distances used in the figures
for the point closest to the wall for each profile from this
experiment. This uncertainty s inversely proportional 1o the !’

0" 10° 10 .
2/¢6 ’ ‘
’

distance from the wall.

The temperature profiles are shown in Fig. 6, which is »
plot of dimensioniess lemperature 6 versus distance normal to
the wall : divided by 3, Also shown are turbulent bouncary
layer temperature profiles from other works for which tabular
data were a ailable 1o plot. Two of the profiles shown were
taken in air by Cheesewright and two were taken in water by

Chokouhmard [20]. For Cheesewright's profiles, 7, equals
84.5 and $7.2°C. For Chokouhmand's profiles. T, equals
38.9 and 32.5°C. The high-temperature profiles from this
experiment compare well with the profiles for air and water a1
lower temperatures taken by Cheesewright and Chokouh-
mand, respectively. The close comparison of Cheesewright's
low-temperatrure profiles for air with the high-temperature
profiles from this experiment indicates that there is very little
effect of variable properties on the turbulent natural con-
vection temperature profile shape. All of the profiles in Fig. 6
show a “'viscoys'* sublayer or *‘linear'’ region near the wall,
/8, « 0.2, and a “‘logarithmic" region in the outer region of
the boundary iayer, 2/8, > 1.0. The temperature distribution
in the ““logarithmic’* region is given by

8=0.08In(z/8,) + 0.81 (1

Equation (1)) s represented by the solid line in Fig. 6.
Comparisons were also made with turbulent boundary layer
lemperature profiles from other experiments for which - %
tabular data was not readily available for plotting (21-23}. In
the outer region, the ““logarithmic'* region, the data from the
experiments of Warner and Arpaci [21], Vliet and Liu [22),
and Fujii (23] agree very well with the data in Fig. 6. In the
inner region, for 2/8, < 0.6, the temperature profiles from
these same references agree in terms of their shape, but there
IS more scatter than is indicated by the data in Fig. 6, ap-
proximaiely 40 percent at 2/4, equal 10 0. | The reasons for
the scatter are not clear. One possible reason is a Pr number
effect. The experiments cover a Pr number range of 0.7 10 33.
The agreement of the turbulent profiles from the various
experiments sirongly suggests the existence of a “universal”
lemperature protile for turbulent natwral convection.
Existence of a universal profile has not been clearly
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Fg. 7 Temperature profiles in a turbulent natural convection boun:
Gary laysr on @ vartical surface in air

atablished experimentally but has been theorized most
recently by George and Capp (24]. George and Capp proposed
dividing the boundary layer into &n inner and outer region.
The inner region was assumed to be a constant heat flux layer
consisting of a ‘‘viscous’' sublayer and a “'buoyant’’ sublayer.
The "'buoyant'' sublayer 1s between the '‘viscous'' and
“logarithmic'' regions pointed out in Fig. 6. The form of the
equations derived by George and Capp for the *'viscous' and
“buoyant'’ sublavers for a uniform temperature surface are,

respectively
'-C|(:/"l) “2)

6=Cy+Cy(2/n,) """ (13)

Io these equations, the definition of 8 is one minus that used
by George and Capp, and the terms C,, C;, and C, are
functions of Pr. Based on the experimental data available,
George and Capp determined C,, C,, and C, to be 0.1, 1.35,
and - 1.45, respectively, for air.

George and Capp theorized that the temperature profile in
the outer region of the boundary layer was dependent only on
2/8, where & is a length scale for the outer region of the
boundary layer. Their theory showed that there should be no
Pr number dependence in the outer region. George and Capp
expressed the equation for the outer region as

T=T,. z

E3 -—
= cs(5) (14)
where & was undefined. No specific form for the equation was
given by their theory, An empirical fit to data is required to
obtain the equation for the outer region.

Figure 6 suggests a logarithmic form for the *‘universal"
temperature profile in the outer region of the boundary layer.

tions of the data from equation (11) are within the
uncertainty of the data available, Figure 6 also suggests §, as a
length scale and T, ~ T, as a scalar for temperature in the
Outer region as a result of the close agreement of the various
sets of data over a large range of Pr.

Using &, as an outer region length scale is contrary to the
recommendation of George and Capp, who stated that since
8, bad “'no dynamical significance," it should not be used as a
length scale for the outer or inner regions. It is worth noting

vever, that when the Boussinesq approximation is made,
the integral [ (T~ T, )dz appears in the integral form of the
momentum equation for natural convection. The integrai
Appears in a source term in the integral momentum equation,
fepresenting the buoyant force term in the differential
momentum equation. The appearance of the integral suggests
Srong dynamical significance for &,, since dividing the in-
Egralby 7, - T, gives é,.

dournal of Heat Transfer

The important points shown by Fig. 6 and equation (1)
are: (/) there are no significant variable properties effects on
the temperature profile shape, (/) the temperature in the ouier
region appears logarithmically dependent on z, (1) §, appears
10 be a good length scale for the outer region, and (iv) the
profile appears (o be independent of Pr in the outer region as
suggested by George and Capp 1n their theory. This last point
appears true {or the Prrange of 0.7 to 33 based on (21-23).

The temperature profiles for air from both this experiment
and Cheesewright's experiment (the same cases as shown in
Fig. 6) are presented in Fig. 7 in terms of the inner region
coordinate, 2/n,. The term n, is a modified form of the inner
region length scale of George and Capp. The modification,
which is based on equation (8), accounts for a small shift in
profile locations in these coordinates caused by variable
properties effects. Also shown in this plot are the following
equations

0=0.127(z/9,) (15)

f=136~142z/n)""" (16)

These equations are equations (12) and (13) with coefficients
modified 10 fit the data in Fig. 7. The coefficients in the
equations are only slightly different than those derived by
George and Capp on the basis of the data available (o them.
The figure shows that the form of the equations for a
“‘universal’’ temperature profile derived by George and Capp
for the inner region of the boundary layer agree very weli with
the data for air. The coefficients are Pr-dependent, though,
since the water data of Chokouhmand, if shown, would be
significantly 1o the right of the air data.

As a final note, equations (7) and (15) can be used to
determine a heat transfer relauonship for turbulent natural
convection in air in a straightforward fashion

T ~0 4
143 A
Nu, = 0.10Gr, ('f) an
This heat transfer relationship and the heat transfer
relationship given by equation (8), determined from the in-
dependently measured boundary layer temperature profiles
and surface heat transfer data, respectively, agree within 2
oercent. The consistency of the independently measured
boundary layer temperature profiles and the surface heat
trans.er data 1s a very good check on the experimental
technique and the variable properties effects noted in this
experiment.

Conclusions

An experimental study of variable properties natural
convection heat transfer in air was conducted on a large (3.02
m high by 2.95 m long), electrically heated, vertical surface.
The wall temperature was varied from 60 to $20°C. The
ambient temperature was approximately 20°C. Surface heat
transfer coefficients were measured at 105 locations on the
surface. Boundary layer mean temperature profiles were also
taken. Turbulent natural convection heat transfer results
show that variable properties effects on turbulent natural
convection heat transfer can be correlated using the low-
temperature difference correlation, if properties are evaluated
at T, and a small wall-to-ambient temperature ratic
correction is added. This correlation is given by

i ~0 1
Nu, =0.008Gr (== )

Ta
The correlation fits the turbulent heat transfer data taken to
within =6 percent. The laminar vanable properties heat
transfer results show, as demonstrated by others, that the
laminar variable properties effects for gases are small. The
results also show that the location and extent of transition
from laminar 1o turbulent flow are significantly affected by
T, forafixed T,. As T, /T, changes from 1.1 to 1.75, the
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transition Gr decreases from about 7 x 10¥ t0 3 x 10* when
the properties in Gr are evaluated at a film temperature.

Boundary layer mean temperature profiles indicate that a
“‘universal’ temperature profile exists for turbulent natural
convection. The “universal' profile for the inner region of
the boundary layer for air, which includes the effects of
variable properties on the profile location, is given by the
follewing equations

Viscous sublayer: 8=0.127(z/n))

Ow=1.36~1.42(z/9,) """

The forms of the equations were taken from George and
Capp. The constants in the equations, which are Pr-
dependent, were determined from mean temperature profiles
taken in air. The outer region of the “universal’’ temperature
profile, based on temperature profiles from this work and

temperature profiles taken in air and water from other works,
has a leparithmic form.

Buoyant sublayer:
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nmwher was large at small values of A, indicating lese stimmlation ol turhulent
mixing at small injection rates.

SUMMARY

The correlation formula derived in the anaiysis shove,
n2:q) = Nwiz;q)e APV "%, [; (- t);q]

appess to represent the data given for the distribution of filn. cocling effectiveness
on an inewlate © plane surface downstream of a point of lateral injection. Since it
wa the solution appropriaie to small blowing intensities, one might expect it to be
unsatisfactory for large values of M, but since the Peclet number is then small, the
maximum value of 7 is also refatively small and the formula remains adequate.

Of the four empirical constants N, g, A, and X appearing in the derived
expression for n when wiz) is faken to be proportional to e~ * sin nz, two are
found to be independent of x/D while N and g are related 10 x/D by simple power
laws. The ¢ versus x/D relationship is, of course, the function that allows the
one-dimensional Mathieu functions, with parametric g, to represent the two-
dimensional efTectiveness distribution that is required.

Altt:ough three values of A as well as two lateral injection angles are mentioned
in Table 3. the matching of theory with data on Fig. 2 is given only for M=05
and @ = 35°. The sther five comparisons will be published when they are ready,
together with calculations of local average values of nfz) for the six cases reported
in {6].
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MAXIMILIAN GREINER

EDGAR R I WINTER

Analogy Defects of Mass, Heat,
and Momentum Transfer

in Evaporation Boundary-
Layer Flow

NOMENCLA U0

C normalized driving force [= (xy,, = x, (1 — x,.)]
<y local skin friction coefficient

€p specific heat at constant pressure

D binary diffus-on coefficient

F parameter Jefined by Eq. (19)

fi(n) modified st.eam function, Eq.(15)
M mass transfe; parameter, Eq. (20)
Py mass transfer rate

N parameter defined by Eq. {(21)

Nu

s local Nusselt number
tota! pressure
Pia partia! pressure of components
Pr Prandt! number
q heat transfer rate
9u heating rate
R gas constant
Re, jocal Reynolds number
Sc Schmidt number
Sh, tocal Sherwood number
T temperature K
u velocity component paraliel to plate
v velocity component norma: to plate
W, dimensionless mass fraction, Eq (17)
w mass fraction

4
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mole fraction

coordinate distance along plate
cocrdinate distance normal (o plate
focal hieat transfer cocefficient . BEq {7)
focal mass transfer coefficient, Eq. (B)
similarity coordinate, Fq. (14)
temperature, "C

dimensionless temperature, Eg. (17}
thermal conductivity

dynamic viscosity

kinemazic viscosily

mass density

dew-point temperature

shear stress at wall

normalized Nuid property, Eq. {18)
stream function Eq. (16}

narmalized velocity, Eq. (17)

EES N "D TR >»208WOw NN

Subscripts

Fluid properties without any subscript are related to the mixture

vanishing mass transfer

evaporating substance

free-stream gas {aw)

Muid composition at xy,,, =05 (x;, ¥ xy)and T, =05(7, + T.)
tiuid surface (v = 0)

free stream {y = *)

differentiation with respect to g

IS =0

INTRODUCTION

The analogy between heat and mass transfer processes provides a useful ool for the
solution of mass transfer problems. The basis for this engineering technique is the
simifarity relations first derived by Schmidt [1] and Nusselt [2], which allow
application of heat transfer solutions to mass transfer problems and vice versa.
Ackermann [3], however, demonstrated that the application of analogy yields
correct results only if the boundary conditions are similar and the mechanisms of
heat, mass, and momentum transfer are uncoupled. in the converse case, deviations
from the analogy relations anse, which have been estimated by Ackermann (film
theory} {3], Eckert and Lieblein (Kirmdn-Pohihausen integral techmique) {4], and
Schiider {penctration theory) {5]

The objective of this contribution is to verify analytically and experimentally
the applicability of the approximate solutions to heat and mass transfer problems in
evaporation processes.

ANALOGY D FECTS 42

by

Figure | Physical mode! of boundary-laver Mow with evaporation.

PHYSICAL MODEL

The problem under investigation is illustrated in Fig. 1. A heated flat porous plate is
covered by a quicscent thin liquid film (index 1) of constant surface temperature.
The plate is subjpected to parallel flow at zero incidence of a gas (index 2}, which
may contain vapor of the evaporating liquid. The pertinent flow, wall, and boundary-
layer parameters for momentum, heat, and mass transfer are given in the figure.

GOAL OF THE INVESTIGATION

if the following conditions are met
Piw —Pi=a=20 p_ <0 T.-T,->0 (1)

then with uncoupled transfer mechanisins the weil-known Poldhausen and Blasius
relations allow the computation of heat and mass transfer and friction coefficients
under laminar flow conditions with the equations

Nuyg = 3= = 0.332 Re} P @)

Sheo = 6—;7' = 0.332 Rey” 5" M
0.664

o = il_t?; (4)

The corresponding equations for turbulent Mow are

Nu_, = 9—;5 = 0.0295 Re®® Pi®* )

%0
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Sh.» _ﬂ;" 00295 Rel™ S {6)
I the conditions wmder bgs. (1) are not satisfied, then the above anafogy relations,
Fgs. (2)46), are no loager valid. These socalled analogy delects are the specific

object of this investigation.

ANALYSIS

The analysis is restricted to laminary boundary-layer flow. To determine the heat
and mass transfer and friction coclficients a. , and ¢, defined by

g=al(T, — T..)=—l(g%) (7
=P —py=— D= _p (%
O~ i A e 53 ®
Tw = "'I'; £ "’- = M (g_: (Q)‘

the temperature, pactial pressure, and velocity  pradients at the wall must be
computed by numerical solution of the following set of boundarylaver equations,
which {ake into account temperature- and concentration-dependent properties:

Continuity
Npu) , ¥pv) _ (1
ax ar
Momentum
due du 2 du
nt:g;*ﬂvé—v—av(ﬂa,,) {1)
Dhifusion
ow, dwy, 2 aw,
0-5:4911 i = pD P {12y
Energy.
ar ar _ 2 ar arT Aw,
pax PPy T ¥ “a_"v)“’o("' ) 5 o 13

The thermal-diffusion  and  ditfusion  thermal effecis as well a5 the elfect of
acrodynamic heating have been neglected in Egs. (12) and €13). Equations (11)-(13)
are reduced to a set of ordinary simultaneous differential equations by a similarity
transformation, introducing the variable

ANALOGY DEFECTS 4§

- , p
"=y ,/;_;[ o (14)
o

and the dimensionless “tream function f{n), given by

Al
= 15
fta) VX Ui e
The continuity equation is satisfied by the siream function ¥ in terms of
_, - W
pu = p. ~ P = e o (16)

Normalizing the velocity, the mass fraction, and the temperature

L o aath e I et
w—"- w' —Wg-—“’“g i ¥ Tw an
and the physical properties of the mixture
e | = A
D Cp _€pt T Cpy
Yo “p. ¥ T ‘T— P2 r’_‘“
and employmg the dimensionless abbreviations
n
F=
2 f wdn (19)
0
Pl ———
M=2 Re, -
Bty TN (20)
Co¥p¥DV¥ 12 BW
= —e‘;:‘gc—.'——'- Wy — wy,) T}{)! <N

the following system of ordinary differential equations results ultimately from the
similarity transformation:

oo 1+ (F-M=0 22
s 9o w0 Wi]' + W, Sce (F - M) =0 (23)
fepr8) +0 P (F-M+N)=0 (24)

In these equativns the primes denote differentiation with respect to the simlarity
variabl= 7.
The transfonmed boundary conditions are

=0 (=0 W, =0 0
1,-0.,.. f'=2 ”o.=| 0

W
=]

(25)
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f
Formal integration of bgs. (22)(24) using the boundary conditions resulis in 2 set
of integral equations for the deternmination of the velocity, concentration, and

temperature field

" "
l (Hgpot exp | l tHivaeu ! AY iy )y
w =" = (26)

l (1o, 0,) exp I-r(llv,.w.ur - M) dnlim

["reseponrexs I~ "(Scalvpepvn) (F — Mydn]dn

W, = = 27
[ (1/9pepep) exp l‘]q(&-/wwpwo)(l" —~ M)dn)dn
n "
[ 1epen) exp |- ["(Pravclopon) (+ — M + Nyan) i
0="2 > = (28

[ ttesen) exp 1- [ Praectesen) 4~ A1 4+ Mydnain

This system of integral equations can be solved according to an iteration procedure
used by Piercy and Presion [6] and extended by Schuh [7] to include mass
transfer

The thermal and iransport properties of the inert gas (air and the vapor of the
evaporating substances are taken from data collections and curve-fitted, so that the
temperature and concentration-dependent physical propertics of the nuxtures cas be
vomputed by customary mixing rules [R].

ANALYTICAL RESULTS

Computations were performed for the evaporation of water, methanol, toluene . and
carhon tetrachioride into 2ir. These four substances cover a range of molecular
weiphts commonly encountered in chemical engineering processes.

The results of the numerical computations for the evaporation of these four
hquids are displayed in Figs. 2-4. The transfer coefficients 8, o and ¢ are normalized
with fo, 0q, amd ¢, 0 caloutated Trom Lgs (2) and (3), the Duid prope-tics being taken
at Yy and T, and g (4), using x,o and T as the reference state The transfer
cocfficients thus normalized are plotted as a function of the normalized driving force
of the evaporation process, C = (x;, — x;.)/(1 — xy.). Deviations from unity repre-
sent the analogy defects

The results, shown in Fig. 2, were obtained for zero mole fraction of the vapor in
the free stream, x, . = 0, and a free-stream temperature 9. of 100°C In chemical
engincering processes such as drying and humidification, a wide range of 5. and
Xym may occur. Therefore the influence of these parameters on tye transfer
coefficients was studied. The results, depicted in Figs. 3 and 4 for the systems
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Figure 2 Normatized (rsasfer coefficients as 3 function of the dimensionless driving force for the
evaporation of several iquids with different molecular weights.
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water-ait and toluene-air for 8. = 20 and 400°C and x,. =0 and 06, show that
the behavior of ali the normalized transfer coefTicients as a function of C 15 only
shightiy affected by these frec-stream parameiers.

APPROXIMATE SOLUTIONS

In Fig S, results obtained with approximate theories are compared with the exact
numecrical predictions of boundary-layer theory for the evaporation into ait of
several substances with different molecular weights.

Again, the coefficients i, and oy are computed by using the Pohihausen
relations, Eqs {2} and (3), the fluid properties now being taken at x,,, and T,
Curves | represent the approximate theory of Ackermann [3], which was confirmed
by Colburn and Drew (9] The results of this theory, which is commonly called
film theory [10], agree best with the exact numerical boundary layer sclutions for
systems with almost constant density. The same holds true for the theory
imtroduced by Eckert and Lieblein [4], curves 2, and the penetration theory|S],
curves 5. Ackesrmann [3] extended the film theory by a facior A This factor takes
wio account the inftuence of the “diffusing masses™ but results in an overcorrec-
tion, curves 3. The deviation can be eliminated by 2 simple variation of Acker-
mann’s original factor A, leading to

8 1-C

aatebe 3.
5 -xu)=A (29)
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The results ohtained with these improved relations, curves 4, are in excellent
agreement with the numerical solutions.

A =

EXPERIMENTS

For the investigation of the analogy defects in turbulent boundary-layer flow, an
experimental facility including laminar investigation capabilities has been built. The
core of this experimental setup is the test plate depicted in Fig. 6. This flat plaie is
installed horizontally in the tesi section of an open-oop laminar wind tunnel, in
which the free-stream velocity and temperature can be adjusted continuously from 0
to 20 m/s and from ambient temperature to 150°C. The degree of turbulence in the
free stream is less than 0.1%.

The evaporation arca of the flat plate consists of six sections composed of
porous, hydraulically smooth sintered plate segments, which are fabricated from
sherrit nickel powder. Their mean surface roughness is 2 pm (CLA), measured with
2 3.um stylus. The excellent wettability features of the sintered plates serve for the
generation of a very thin and continuous quiescent liquid film.
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Figure S Comparison of the results of approximate theories with the numerical solutions of the
boundary-layer equations.
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of approximately — 20°C before entering the wind tunnel are displayed in Fig. 8.
Since these data, obtained for evaporation in laminar boundary laycrs. are in good
agreement with the comesponding theoretical predictions, the expenimenial data
measured under turbulent flow conditions (Fig. 9) should also be very rebabie. The
resulls are restricted to mass transfer in coastant-density boundary layer flow,
becanse the wmolecuiar weights of methanol and au are nearly equal and the

temperature differences across the boundary layer have been small

The expeni-

mental data are repioduced quite well by the film theory. For the case of mass
transfes in boundary layers with large density gradients, however, the accuracy of
the fdm theory 1s still ar open question.
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Figure 8 Mass transfer 81 a functios of the driving force of evap
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COMPARISON BETWEEN THEORY AND EXPERIMENT FOR TURBULENT FLOW OF AIR
IN A VERTICAL TUBE WITH INTERACTION BETWEEN FREE AND FORCED CONVECTION

M. A Comon and J. 0. Jackson
Nuciser Enginesrng Laboratories
University of Mancinester
Manchester, Unitet Kingdom

ABSTRACT N Nisselt number, 4D/A (T -~ T)
LN Musselt number for forchd cokvocuon
Heat tranefer to turbulent flow in & vertical tube ] pressure
under conditions of mixed convection can exhibit marked P rate of production of k by mean flow shear
departures from the Dbehsviour found {n forced 23 Prandtl number, ‘p““
convection : in ascending flow heat transfer may be 4 wall heat flux
either impaired with respect to forced convection r, z radial, axisl cylindrical polar coordinates
levels (st moderate heat loadings) or eshanced (at high R tube internsl radius
heat loadings), whereas, 1o descending flow, heat Re Reynolds number, p W, D/y
transfer is enhanced st all heat loadings., The present "t turbulent Reynolds &.-nr
contribution reviews eariier comparisons Dbetween T tempersture (time-averaged)
theoretical formulations and experimental data for To reference temperature (upstream of the start
turbulent wmixed convection and reports numerical of heating)
resulcs obtained using . low-Reynolde-~ v, W velocity components in r, z-~directions
number k ~ ¢ turbulence model, Direct comparison with (fluctuating)
experimental data for turbulent mixed convection hest e
tranafer to air 1s made and the general picture to v e/ (t /o)
emerge is one of satisfactory computation of measured "
bulk heat cransfer. In eddition, approximate ¥, ¥ velocity components in r, z-directions
comparisons are amade with deta obtasined over wide (time-averaged)
ranges of Reynolds and Grashof numbers using a buoyancy y normal distance frow wall, R-r
parameter which combines these groups.
y* y (r o lv
NOMENC IATURE
Creek letters
e van Driest constant ¢ coefficient of volume expansion
) buoyancy parameter t rate of dissipation of &k
€p specific heat capacity st constant pressure ? modified dissipation variable
C“.t:‘2 constants in production, sink terms « von Karman constant
of g-equation A thermal conductivity
c constant in constitutive equation of v dynamic viscosity
v k~ ¢ model v kinematic viscosity, ulp
D tube internal diameter e density corresponding to tempersture T
D 'additional' diseipation term in k-equation o' fluctuating temperature-dependent donnrty
f‘z function in sink terw of ¢-equation o, turbulent Prandtl number
f function in constitutive equation of 9, 0 turbulent Prandtl number for diffusion of
v k~ ¢ model ’ k, ¢
[ ] magnitude of accelerstion due to gravity
[ component of acceleration due to gravity in T shear stress
g~direction
Cr Grashof augber, based on wall hest
flux, 8gdl Av Subscripts Supetscripts
k turbulent kivetic ecergy r_'LFulk - time-averaged
i eixing length 3 turbulent J fluctuating
w wall



INTRODUCT ION

In situations where the mechanisms of forced and
free convection operate simultaneously the heat
transfer wode is termed ‘'mixed' or 'comsbined’
convection, Turbulent flow 4n vertical tubes under

this heat transfer regime reveals complex thermo-fluid
development which produces bulk effects narkedly
different from those that would result if tne influence
of free cunvection were combined with that of forced
convection in a simple 'additive' manner, The nmixed
convection regime is thus of considerable intrinsic
physical interest, and, because of the possible impact
that significantly wodified levels of heat transfer may
have wupon the performance of thermal engineering
systess, the problem is also of practicel izportance,

Ihvestigators have obtained experisental
results for turbulent wmixed convection heat transfer in
s number of fluids under & wide range of conditions
(reviewed by Jackson and Hall [1]). The behaviour
observed experimentally is that, for heated ascending
flow, heat transfer (quantified in terms of MNsselt
pusber) may be either impaired with respect to forced
convection (at moderate heat loadings) or enhanced (at
high heat loadings); in heated descznding flow heat
transfer is always ennanced by buoyancy effects. The
difference between these trends and those found iIn
laminar mixed convection should be noted the general
results found for the laminar <case (in which
diffusivities are purely molecular properties) are that
heat transfer is enhanced in heated upflow and impaired
io hested downflow. In the present work cowprison is
made with a body of experimental data for turbulent
mixed convection heat transfer to gaesep Carr, Connor
and Bunr (2), Byrne and Ejiogu [3) and Steiner (4] have
made measurements for ascending air flows, while Axcell
and HWell (5] obtained data for a descending air flow
and Easby (6] examined a descending nitrogen flow.

Jackson and Wll {1l proposed s
phenomenvnological model of heat cransfer Lo ¢the
turbulent sixed convection regime based upon
consideration of the modified turbulent shear stress

distributions which occur in the near-wall region in
response to buoyancy forces. A slightly revised form
of the earlier wmodel Dbased upon Crashof number
appropriste to the uniform wall heat flux thermal
boundary condition is employed 4in the present work.
The analysis leads to & ‘buoyancy parameter’', B, by
which the importance of mixed convection effects may be
characterized:

3= Gr ()
.‘5.115 "U.

Further analysis, in which recourse to empirical
heat transfer and flov resietance correlations is made,
leads to an equation for the ratio of Nsselt number
for wixed convection to that for forced convection #s »
function of the buoyancy parameter:

&
E_. “25110510.66 (2)
° (M..t/ilso)2

where the + sign «pplies to descending flow and the =«
sign to ascending flow.

The buoyancy parsmeter (equation (1)) and
semi-enpirical equation (equation (2)) are derived upon
the asswmption of a fully-deveioped condition, however,
in  escending wixed convection flows, very long
developnent leangths (of the order of 100 tube diameters
in some cases) are found to occur both experimentally
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and in the numerical studv discussed below, This
limits the usefulness of the semi-enpirical eaquation in
sscending flow to providing a guide to the magnitude of
{mpaitment for specified conditions; in descending
flow, by contrsst, developsent lengths are short and
the e¢quation currelatec data well, It is nonetheless
evident from the following compsrisons of data end the
k ~ ¢ turbulence model that the buovancy parsmeter, B,
18 8 primary correlating parapeter for flow in vertical
tubes under conditions of turbulent sixed convection,

A REVIEW OF THF APPLICATION OF TURBULENE
TURBULENT MIXED COMVECT ION IN VERT JCAL TUBES

MIDELS TO

The present numerical results are obtained using a4
'lov~Revnolds~number’ two-equation (k ~ ¢) turbulence
model which is applicable over the entire flow domain,
including the viscosity-affected near-vall region where
turbulent Reynolds number, Re,, s small, The
particular formulation adopted here is that of launder
sand Sharma (8], a minor re-optimization of the
pioneering model of this kind cue t> Jones and launder
[9,10]. The selection of 3zode! type was guided by
consideration of the importance of modifications which
occur to the turbulent shear stress distribution fn the
near-vall region ot mixead convection flows, identified
by Jackson and Mall [1], and by the experience mained
by other workers 4in applying olifferent forms of
turbulence closure to the probiem. Earlier resulte
obtained using turbulence models of varying complexity
are reviewed below and related to the theoretical
sasawmptions implicit in the wmodels. The turbulence
models discussed are of the 'Boussinesq viscosity' or
'turbulent viscosity' type in which Reynolds stress is
related to the mean ve'ccity gradient via turbulent
viscosity, u !

(3

Fddy diffusivity models

The simplest approach to ciosure of the mean flow

equation set relies wupun prescription of turbulent
viscosity without direct reference to epatial
variations of the mean or turbulence fields. ‘Podels in
which this approach 1is adopted are known as ‘'eddy

diffusivity’ models (note: this terminology intzoduces
some ambiguity and care should be taken to distinguish
these models from tle wider ciasse of Boussinese
viscosity models of which thev form part; a better

description wmight be ‘'prescribed eddy diffusivicy'
sodels) .,

Reichardt [11] proposed an eddy diffusivity
aodel in which the ratio of turbulent to molecular

viscosity {s prescribed as & functicn of the universal

distance coordinate, y*. Tanska et al. [12] examined
turbulent mixed convection tube fluws usin @
modification of Reichardt's expression in which y was
repieced by the integral with respect to ¥
of ¥t/p/v from the wall to position v. In fact,

neither Reichardt's originsl formulation nor Tanska's
modificatinn correctly reflect turbulence production by
shesr which 1is given as the product of local Revmolds
stress and velocity gradient:

<

— B
P = - o &
pvw 3T (&)
Tanska et al. found that computed wall temperature
distridutions for s veizica' hested tube were opposite

to observed Dbehaviour, exhibiting heat rtransfer



enhancement for flow and izpairment for

descending flow,

ascending

Mxing iength models

Frandtl's wmixing lengrh hypothesis provides the
tramevork for a group of turbulence modeis in which, by
contrast with eddy diffusivity wmodels, local wmean
velocity gradient is incorporated in a formula for y_.
Mixing langth amodels are eignificant on their bwn
serits, finding wide applicetion 4in turbulent flow
calculation; cthey slso have an {important bearing on
more detailed models which include eguations for the
transport of turbulence quancities. This connection is
two-fold: firstly, consideration of turbulent kinetic
energy transport reveals that, under the assumption of
local rquilibrium between production and dissipation of
turbulent kinetic energy, the mixing length formulation
correctly reflects turbulence production (Townsand
[13]). Secondly, transport models rely in part upon
mixing length results for the determination of model
coostancs (launder and Spalding [l14]),

h the wmixing length formulation 1t ({s
postulated that v, appearing 1in equation (3) may be
expressed in terms of a mixing length, ln' and mean
velocity gradient as follows:

" 2 [awl
"t [} l. ’rr-: (5)
Prandtl's original suggestion was that t_should
be proportional to distance from the wall, hcroun
propceals for alternative prescriptions have been
#dvanced: one such modification of Prandtl's lineer

model which has found widespresd application is due to
vau Driest [15). The van Driest approsch makes
sllovance for the effect of a solid boundary upon
turbulence by iocorporation of an exponentisl damping
ters in the expression for mixing length:

1, = ey (1 = exp (-y*/a*)] (6)

Pelhotras and Meuptmann [16] epplied ~he van Driest
model (o (turbulent mixed convection with the result
that compured wall tempersture distributions for heated
upflov and downflov demonstrated the correcc trends,
indiceting heat transfer impairment for upflow and
echancement for downflow, ‘owaver, comparison wmade
vith the wall temperature date of Jackson and Brane
Lurterodt [17] for carbon dioxide at near-critical
conditions showed good agreement for downward flow but
& marked absence of quantitative agreement for upward
flow,

Walklate (18] tested four mixing length models
ageinet data for heated upflow of air with uniform wall
heat flux obtained by Carr et al, (2). Carr et al.
numbered their tests NIO to N3 Lo order of increasing
Crashof nunber and, of these, Walklete made comparisons
with the lowes:t and highest Grashof number tests, Ruos
N0 and M3,

The four 3odels used by Walklaste represent
various wodifications of the van Driest formulation,
however & detailed descriprion of the models is not
given here since the results indicate that all perform
similarly. Comparison made with the heat transfer data
of Carr et al, revealed large discrepancles between
calculated and measured parameters.
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(he and two-erustion transport models

Transport models of turbulence In which recoutrse
is made to the turbulent viscosity concept (but not to
the resainder of the mixing length formulation) have
been applied to turbulent mixed convection in vertical
tuhes . These models employ alternative neans of
determining characteriscic length and velocity scales
to determine y,_ . The models have two distinguishing
features: Urhly. the characteristic sceales are
deterwined by reference to turbulence quantities, as
opposed to mean fleld quantities, Secondly, transpor:
equations are introduced for the relevant quantities
and y, is formed, atr least in part in the case of one~
uuufcn models, from differentially determined (as
opposed to algebraically prescribed) scales. Thus
local equilibrium 1s not assumed in the wmanner of
mixing length models.

‘odel# in which & transport equation for one

of the scales (in practice the velocity scale via k-
transpore) is employed are c(ermed 'one-eguation’
models . Axcell and Pall [S] aspplied a variant of

Wolfshtein's (19] one-equation k=t model to their sats
for heated descending flow of air. Anticipating the
launder and Sharma (B8] model employed in the current
studies, it should hbe noted that Wolfshtein's model is
applicable over the entire flow domain, including the
viscositv-atffected near-wall region, The model zav
therefore be classed as a low-Reynolde~number model, in
common with the van Driest mixing length model, Axcell
and HWil's calculations were qualitatively correct,
showing enhancement of heat transfer with respect to
forced convection. The computed enhancement was,
however , considerably less than that founa
experimentally.,

kigher order models that have been applied
with some success to turbulent mixed convection data
are 'two-equation' wmodeles. These wmodels incorporate
transport effects on both the velocity and lengeh
scales forming the constitutive equation for y . The
turbulence quantities wost often selected to férm the
basis of the model are the turbulent kinetic energy, k,
and its rate of dissipaction, ¢. Walklate (18], whose
mixing length results were discussed above, tested
three versions of the k ~ ¢ model against Runs MO and
N3 of Carr et al. [2). T™e firest wmodel tested
consisted of a standard "high-Revnolds-number' model in
which the transporf equations for k and ¢ wvere solved
over the region y 2 30, snalytical ‘wall functions'
being empioved to bridge the ncar-wall region and thus
provide boundary cunditions for the transport eouations

at v = 30, The remaining two wodels were variants of
@ hybrid partial low-Feynoclds-number <treatment, in
which @ damping term was applied o the expression
for y_ , fallowing Jones and Liunder [13,14], but the
forw of the k and ¢ equations was unaltered from the
high-Reynolds~number fore {although k transport was
solved over the entire flow),

“alklste found that, as a group, the

k ~ ¢ podels performed better than the mixing length
models in computing turbulent mixed convection. Heat
transfer computed using the partial low-Reynolds-number
wodels showed good agreement with the dats, howvever
poorer agreement was evident when the high~Reynolde~
nunber model was applied,

Further encouraging results using a
k ~ ¢ model have been obtained by Abdelmeguid and
Spalding (20| who combined & high-Reynolds~number model
with wall functions, Computed results demonstrated the
correct trends in mixed convection hest transfer, i.e.
for heated upflow, dimpairment &t lov and wmoderate
Crashof number was followed by enhancement at higher
values, vnereas for downflov enhancement was found for



all values of Crashof number. N comparison with
experimental heat transfer data was made by Abdelmeguid
and Spalding, however tneir calculations yielded levels
of impairment and enhancement lower than those evigent
in available cata.

Two recent numerical scudies of turbulent
mixed convecrion in vertical tubee using low-Reynoids~
aumber k ~ ¢ models are particularly relevant to the
present work. hh the first of these Renz and
Pellinghausen [21] used the Jones and launder model to
compute heat transfer to an ascending flow of a
refrigerant under the conditions of an experiment by
Schetdt [22) carried out near the thermodynamic
eri.ical point. The correct qualitative trends of wall
Lemperature cevelopment were found, although there were
some significant quantitative discrepancies (c.f.
Pelhozra and Mauptmann's [16) mixing length results for
near-critical point data discussed above). It should
be noted, however, that the highly variasble properties
of the near-critical point fluid edd a further
complication to the probles and meke this an especially
srringent ctest of ihe wmodel. In support of this
observation, it is interesting (o examine the work of
Tanaka et al, [23] woo compared a slight variant of the
Jones and launder model against their data for heatea
uptlov of nitrogen and found generally good agreement
berveer measured and calculated MNasselt number,

In sttempring to form an overall picture of
the relstive performance of the turbulence models
reviewed above, it 1is necessary to bear in mind that
such a picture 18 not wholly complete because of sparse
comparison with (different) datsa and the various
thermai-hydreauiic formulations adopted (Axcell and Mall
[$), Tenaka st al. [12], Palhotra and Hauptmsnn [l16]
and Tanaka et al. [23] assumed that a fully-developed,
or 'yuasi-developed' [12), «condition prevailed).
Nonetheless, the results of previous studies strongly
indicate that k ~ ¢ formulations offer an {mprovement
over simpler models in the calculation of turbulent
wixed convection. In applying k ~ ¢ models parcticular
attention should be given to the treatment of the near~
wall region; Jacksen and Mll (1] didentified the
importance of deviations from 'universsl' behaviour in
detersining mixed convection heat transfer and lalklate
[I8] found that agteement with experiment was improved
by the adoption of a partial lov-Reynolds-number
treatsent .

PRESEN AMNALYSIS:
TURBULENCE MIDEL

Calculations have been performed using the lrw-

Reynolds-number wodel of launder and Sharma (8],
details of which are given below, I & phyesical sense
the formulation of the w@ean equations and the

turbulence model possess three charscteristics which
ate important to the accurate computativn of turbulent
aixed convection hest transfer:
(1) The formulation 1s for developing thermal~
hydraulic conditions, & feature which {s
necessary 4if one aims to resolve the
sigoificant development effects occuring over
long lengths in ascending turbulent mixed
convection,
(11) T™he turbulence model (s of the two-equation
clasa, thus transporct effects on both the
length and velocity scales are permitted and
the dimplict assumption of local bslance
between production snd dissipation of
turbulent kinetic energy is asbeent from the
sodel (c.f. mixing length wodels).

LOW=RFYNOLDS~-NUMBER TWO~EQUAT IOV
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(144) A further important feature of the
turbulence model 1g that {t is of the low-
feynolds=number type: turbulence transport
equations are solved over the entirs flow
domain, thus rendering empirical wall
functions and associated assumptions of near-
wall universality redundent.

Complete formulation of the mean flow and turbulence
model (launder and Sharma) ecuations

The mean flow equations are written in the 'thin
shear’ (or 'boundery layer') end Foussinesq
approximations. Turbulent viscosity, y, , appesring in
the Momentum and Energy Equacions is evaluated as a
function of turbulent kinetic energy, k, and the
modified dissipstion variable, £ , (to which the
boundary condition € = U at y = O applies). The
turbulent kinetic energy and dissipation rate are
determined from transport equations.

Continuity
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Turbulent Prandtl number

e.” 0.9 (14)

Mumerical sclutions of the governing eiuations are
obtained using & finite volume/fini{te difference scheme
following leechziner {24] and the discretized paradolic
equations are solved wusing & ‘'marching’ solutien
procedure. Pull details of the numerical scheme are
given in Ref, [7].

RESULTS AND DISCUSS IOV

Attention in the present work is focussed upon the
soditicativon of heat transfer in the mixed convection
regize combined with some consideration of oesn
velocity profile distortion., A companion oaper by the
authors [25) nakes detsiled comparison between weasured
and computed sean flow and turbulence profiles,

Comparjson with experimenta. data 1s made at two
levels: &t the firec level direct comparison with data
is made in which the experimental conditions are
precisely replicated. At the second level experimentsl
conditions are not reproduced exactly, but instead
approximate comparisons with data sre sade by cascing
both 4in the form of MNweselt number normalized to the
sppropriste forced convection value and then plotting
h/mo a8 & function of the buoyancy parameter, R
(equation (1)).

Figure | shows such an approximate comparison with
data. The trends of heat transfer impairment (with
paxizum impairment of over 50X) ane enhancement
discusved ebove are clearly evident. FPresent resulcs
obtained using the Llaunder and Sharms low-Reynolde-

nusbetr k ~ ¢ model are for Re = 5000 and Pr = 0,699,
? is varied by incresesing Orgshof number over the range
bh x 107 < Gr < 9.0 x 10° and DPusselt number {s

normalized to the computed value for fully-developed
forced convection st the given Reynolds and Prandtl
numbers, In the main, the pointe plotted for ascending
flov represent Nusselt number at an axial posicion
g/D = 103,45 (the location at which Carr et al (2] made
their saasurements), although some points in the region
of saxisum impsirment are for higher z/D (between
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2/D = |06 und 2/D = 207) ano there is evidence that,
even at such high length-to-diameter ratios, o fully=-
developea conditjon has not Deen attained over Che
range 2.5 x 107% ¢ B« x 107 (zaxiowm impairment
cecurs at Pe 2.75 x 107°). b the case of descending
flow a fullv~developed concition (s attained bY
1/D & 30, 1he experimental data shown on Figure | were
obtained under a wide range ot conditions: Carr et al

[2] wmade ssurements on afr for 5000 ¢ Re < 5400 and
1,06 x 10" « Gr ¢ 2,22 x 10" ot 2/D = 103,45; the data
of Steiner (4] asre for _air in the rapges

5000 ¢ Pe ¢ 14900 and 9.3 x 107 ¢ Gr ¢ 2,17 x 10° at
2/Da 60 and Easby's (6] descending tlo\s data are for
0

nigrogen at 2100 < Re < 8300, 1.4 x 107 « Or < 6.8 x
10° and 2/D = 83 = 159, I all cases, ? te evaluated
&t the experimental conditivns ouoted by the authors
(taking Pr = 0.7 in the presentation of Steiner's and
Easby’'s data) and experimentally-cetermined MNisselt
number 1s normalized with respect to the Dittus-Roelter
eouation:

tig  0.023 Re!+® pelet (13

The ascending flow data may bte considered as &

grovp since all are for large 2 D and theretore
realistic comparison with the present results for
2/0 » 103.45 may be made, TNo points emerge: firstly,

aireement between present numerical results and the
experimental data 1= seen to be close and, secondly,
weight 15 given to the statement =ade in the

Jntroduction that the buoyancy paraszeter is a primsary
correlating parameter for /N, since the data are
obrained wuver wide ranges of Revnolds number and
Grastof number, Unfortunately, none of the three sets
of experimental data include measurements for fully~
developed forced convection heat transfer and an
uncertainity in the comparison {s consequently
introduced by the use of the Dittus-foetter equation:
this wuncertainty may be partly cuantified by the
vbservation that computed N, at Re = 5000, Pr = 0.699
18 0.3% lover than that yielded by equation (15). It
is alsc worth noting that direct simulation of Runs
MO, N2 and NI3 of Carr et al yielded discrepancies
between computed values of ‘usselt numoer and those
deduced from the experimental measurements of B2, 121
and 112 respectively (computed values being lower),

A plot of the revised form of tne Jackson and Hall
semi-empirical ecuation, equation (2), is also shown in
Figure 1., Agreemen: between the equation, the present
numerical results and the experimental data is fairly
close in general, although the semi~empirical equation
would appear to under-predict the degree of maximum
impairment by & margio of approximateiy 20X,

Figure 2 shows a second approximate comparison, in
this case made with experimenta)l measurements of heat

transfer obtained at low 2/D. Pvroe and Ejfogu (3)
made luzuuunu on & hsuod ucendluldu flow for
1.6 10 € Re ¢ 1.6 x 107 ond 3.15 x 10*Y ¢« Cr < 6,72
x 10'! and axcell and Hall [5] s.de messurements on Che
same experimental tl‘ for a heated descengding flow over
t ranges 2 x 10" < Re < 1.3 x 107 and 1.39 x
10' ¢ or ¢« 5.0 x 10M),  pocth secs of data were

obtained at 2 %« 5,5, Figure 2 shows computed N/Mig,
for ascending flow at 2/D = |0, 20 and 50 (Re = 5000,
Pr = 0.699) and the fully-developed descending flow
curve reproduced from Figure |. “he ascending flow

curves demonstrate marked development effects, The
distortions apparent {in these <curves arise in
consequence of local recoveriss {3 MNeselt number,

similar to those apparent in Figure ) (see below)., A
Prandtl number of 0.7 was taken in processing the



experimental data appearing on Flgure 2 and measured
Musselt number is again normaiized to the Dittus~
Boelter egquation,

The results of direct simulations of Steiner's [4)
experiments un ascending air flows are shown (n
Figure 3. To the suthors' knowledge, Steiner's resulcs
represent the only set of data fur ascending mixed
convection heat tranafer for air in which MNaselt
number development is measured, Agreement between Che
computed values and experimental points is acceptably
close for all four cases over the full range of axial
position., (Mote: kh Ref, (4] Steiner does not mark
values on the /D axis but it seems likely from che
text of the paper that this extends from 2/D = 0 to
/0 = 60), it is interesting tc observe the local
recovery in Misselt number occuring in the calculations
and for which there is evidence in Steiner's dats,

Figures 4, 5 and 6 show direct comparisons betwmen
present calculaticas and the data of Byrne and Ejlogu
13) for ascending flow and Axcell and Hell [5) and
Eawdby (6] for the descending flow case. The resuls
shown it Plgures & and & would appesr to indicate
satisfactory coswputation of the experimental data,
although, in examining Easby's data, this remark should
be qualified by the observation that the data exhibit
large scatter 4in relation to the relatively low
enhancement levels, Comparison with Axcell and Hall's
duta ot generally higher levels of enhancement
(Figure 5) reveals by contrast computed MNusselt number
enhancesent consistently higher s the mneasured
points. The cause of this discrepancy i¢ not presently
knowa with cartainty, although, without prejudice, two
clear possibilities may be identified : firstly, it may
be the case that the turbulence model performs less
sccurately where turbulent diffusivity is increased;
alternsctively, experimental 1naccuracies may be the
primary wsource of error, A third interesting
hypothesis is that descending wmixed convection flows
may, under cercailn circumstances, exhibit an elliptic
flov etructure, thereby rendering inappropriate the
present parabolic formulation of the problem. This
question is currently under investigation in order that
the source of the discrepancy might be identified with
greater certainty.

Returning to the ascending flow data of Carr et al
{2), Figure 7 shows the velocity profile measurements
for Rus M3 together with the present computed
points. The sarked distortion of the profile measured
by Carr et al is captured to good accurscy by the anfel
computstions, FPresentation of the same dats in W 7"

coordinates (Figure 8) weerves to indicate th
pronounced departure from nesr-wall ‘universalit y'
avident under conditions of turbulent mixed

convection, Thus, any assumptions of universality made
in order to construct wall functions for use with
‘high=Reynolda-number' turbulence models applied to
sixed coovection are clearly highly questionable.

blgure 9 provides an  {llustration of the
toadequacy of mixing length modals for the caleulation
of turbulent mixzed convection flows. The axperimental
points shown are the velocity profile measurements of
Run N0 of Carr ot al for which profile inversion was
not found, The computed curves are obtained usiog the
launder and Sharma lov-Reynolds-nusber k ~ ¢ model u-ed
throughout this study and a low-Reynolds-number mixing
length model obtained as the product of rhe van Driest
damping function end the MNkuradse distribution of
aixing length for pipe flow:

l' - -
r- {1l = exp (= y /A }],

(0,14 = 0,08 (1 = §)° = 0.06 (1 = ‘)'1 (16)

The profile is Jomputed accurately by the launder
and Sharma wmodel whereas the wmixing lengeth model
incorrectly yields an off-centreline velocity saximum,
a finding in confirmation of Walklate's earlier study
[18].

h conclusion. the present results and those of
other workers reviewed above indicate that the low~
Reynolds~number two-equation turbulence wmodel of
launder and Sharma (8] offers significant advanteges
over simpler models in the calculation of cturbulent
mixed convectiuvn hesat transfer to air in vertical
tubes. There remains sume uncertainty regarding the
applicability of the model <to descending mixed
convection flows at higa heat transfer enhancement
levels and this question together with application of
the model to other fluids (liquid metals and water)
form the subjects of continuing investigations,
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ABSTRACT

Measursments and predictions of mixed convection air flow
in a vertical two-dimensional duct that is formed by one adiab-
atic wall and one uniform tempersture wall are reported.
Velocity distributions and wall heat flux were measured by
using & Laser-Doppler Velocimeter (LDV) and 8 Wollaston
Interferometer , respectively, for different buoyn:? force
effects and for various inter-wall spacings. Reversed flows
were observed adjacent to the adiabatic when the inlet air
flow was restricted to a level below the natural convective value

starved flow conditions). Velocity distributions skew toward
heated wall 8s a result of the tric heating, and the
occuwrrence of flow reversal diminishes as the buoyancy force
decreases. The occurrence of reversed flow adjacent to the
adiabatic wall influenced significantly the velocity distribution
in the duct, but it had only small effect on the beat transfer
from the heated walli. Numencal predictions of velocity distri-
butions and beat transfer compare well with measured values,

NOMENCLATURE
b = spacing between walls
= gravitatio neselcnu’on
b’b = pA(T - TP/ %, Grashof number based on b
Gry = g#(Ty-To)x 2, Grashof number based on x
by = q\./&!‘d, = To), local beat transfer coefficient at the
eated wall
k = thermal conductivity
L =] of duct
!;u, - local Nusselt number at the heated wall

= Prand

Pr number
a,, = wall beat flux a1 the beated wall
ep = ughiv, Reynolds number based on b
Rey = m:/v. Reynoids number based on x
§ = dimensionless spacing between wall:
T = fluid temperature
To = inlet air temperature
Ty = temperature of heated wall (at -b;
T = temperature of unheated (adiabatic) wall (at y =0)
¥ = streamwise veioaty commem
up = centerline streamwise velocity at the duct inlet for
natural convect.)n

u, = centerline streamwise velocity at the duct inlet
v = transverse velocity component
W = width of duct
= anal coordinate
xp © netration depth of the reversed flow as measured
om the exit section
y = transverse coordinate (measured from the adiabatic wall)
1 = spanwise coordinate
a = thermal diffusivi
[
3
]
v
4

B

- ;olu;nem’c eoetﬁgem of thermal expansion
= density
w (T-Tg)/(Ty - Tg), dimensionless temperature

= kinematic yiscosity
= Gry/(Rey*), buoyaocy parameter

INTRODUCTION

Convective heat transfer between two parallel plates is of
connderable interest in many engineering deai ing with
electronic cooling and beat exchangers. The beat er in

that ?omeuy can take place via forced convection (Mercer et
al, 1967 ), free convection (Sparrow and Azevedo, 1985), or
mixed forced and free convection (Cebea et al, 1982) with
either syrametric (Beckett and Friend, 1982 and Wirtz and
Stutzman, 1982) or asymmetric (Aun& 1972 snd Quintiere and
Mueller, 1973) beating condition. In addition, the geometry
can be horizontal (Kamotani and Ostrech, 1976 and Emery and
Gessner, 1976), inclined éOu et al, 1976 and Azevedo and
Sparrow, 1985) or vertical odia and Os 1962), and the
fl&:mwd beat wransfer phenomena can be either laminar or
ent

The problem of laminar mixed convection in vertical ducts
has been studied extensively (Habehi and Acharya, 1986) for
either etrically or trically heated condition. The
study of mixed forced free convection with reversed flow
regions in vertical ducts, has received relatively little artention.
Flow reversals have been observed inside two dimensionsl
vertical ducts of finite length with asymmetrice! beating condi-
tions (two walls t uniform but different temperatures) in natu-
ral convection ( ;parrow et al. 1984) and in mixed convection
(Baek et al. 195 )f. The criteria for developing a reverse flow
region in such fiows and the extent of that reverse flow region
are important for design considerstions. Such criteria have
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ANALOGY DEFECTS S0

To achieve controlied film ‘emperatures, extending from the adiabatic to close
to the boding temperature of the cvaporating fhmd, the plate sections are heated
individually by eclectrical heaters embedded in solid nickel plates soldesed to the
lower side of the porous plate segments. Each of the porous plate segmentis s
supplicd separately with degassed liquid. With the aid of a speciaily developed liquid
supply sysiem in combination with an optical observation device, a very thin liquid
film with a constant thickness of iess than 2 um can be maintained on the suiface
of each porous plate segment. This is accomplished st any local evaporation rate.

The very thin fidm is a prerequisite for the achievement of high surface
temperatures with exclusion of boiling. In the present case, heat fluxes of the order
of S0 kW/m* are 1o be transferred from the heated plate to the film susface,
causing lemperature gradients of approximately 25°C per 0.1 mm. Since the
maximum femperature drop across a film 2 pm thick amounts to 0.5°C, the susface
temperature to be determined exactly for the evaluation of the mass transier
coefficient can be measured within a few tenths of a degree with miniature
thermocouples soldered inio grooves on both sides of each section of the test plate.
Th: temperature of the sunport frame and the bottom of the flat plate as well as
the leading edge is contioli d by liquid bath thermostats.

Velocity and thermal boundary layers ongin.ting at the leading edge of the test
y'ate are sucked off a sho.' distance upstream of the evaporation srea, causing
approvimate coincidence of the ines of ongin of the three boundary layers. For the
experiments with turbulent boundary layers, a trip wire is installed across the flat
plate 6 mm. downstieam of the suction slot, ensuring the exisience of fully
developed turbulent boundary layers obeying the 5 power refation along the
measurement area of the dry flat plate. A detailed description of the expernmental
facility, the tesi procedure, and the data reduction is given by Gremer [11]

EXPERIMENTAL RESULTS

The first serics of expenments consniva of heat transfer measureients in lanunas
and turbulent boundary layer flow with the flat plate kept diy. The results (nod
shown here) are in very good agreement with the predictions of Eqs (2) and (5).
Alter the facilily was cheched out, expenments in which methanol was evaporated
into shightly moist 2ir under laminar flow conditions were performed. The reduced
mass transfer coefficients are displayed in Fig. 7 as a function of the driving force
C They dewiate from the exact numerical solution, especially at low interphase
temperatures. This is due to absorption of water vapor by the methanol film The
methanol vapor pressure from the methanol-water mixture is lower than thai of
pure methanol. Consequently, the rate of evaporation is reduced. The vapoi pressure
lowering, however, was not taken into account in the data reduction process.
Although in the experiments the air was quite dry, with vaives of the dew-pointl
temperature v between — 5 and + 2°C, a deviation of 30-40% anses in the region
where the analogy should be most applicable.

Resuits of experiments for which the air was dried 10 3 dew-point temperature



been established for the asymmetrically beated duct with uni-
form wall temperatures (Baek et al 1990). The objective of
this investigaton is 10 extend that experimental and numencal
study to a two dimensional asymmetncally beated duct baving
one of its walls maintained at a uniform temperature while the
other wall is adiabatic. Heat transter and velocity distribution
measurements and predictions are presented for various heat-
ing levels, spacings berween the duct walls, and inlet flow veloc-
ies.

EXPERIMENTAL FACILITIES AND PROCEDURE

The experimental investigation was performed iu a low tur-
bulence, o?en circuit, vertcally aligned air tunpel. A schemauc
diagram of the air tunnel is shown 1o Fig. 1, The runnel had a
smooth converging nozzle with @ contraction ratio of 18:1, a
straight tesi section and a smooth diverging diffuser. The two
dimensional duct was constructed in the test secuon of the air
tunoel. Thbe t2st section of the air tunnel had two glass wio-
dows that extended along its length 1o facilitate interferometrnic
measurements of the heat flux and the veloci’y measure-
ments by the laser-Doppler veloaumeter. Plastic boneycomb
and several wire screens were used in the front secuon of the
tunae!l Lo straighten the flow and to reduce the turbulence level.
A un*le speed fan and 8 mixng chamber were attached 10 the
tuanel entrance section to provnde a forced air {low through
the test section at a controlled rate. Forced flow velocities
from 0.03 to 1.3 nvs could be provided through the inlet secuon
of the duct by controlling the pressure drop across the fan and
the inlet muang chamber.

Diffuser  ——==
_!—
n}r }
Class Window ——P-)'Th" '
l 30
6 em 121 e
Tem Secuion - ' l
’ :
0 em
Mlxing Chambere 30 em
- & - " j
Fan Assembly -, \—“-W

Fig. 1 Schematic diagram of air tunnel

The two-dimensional duct was formed by two plates that
were placed across the width of the air tunnel. Each plate was
instrumented with twelve copper-constantan thermocouples.
Each thermocoupie was insened into a small bole on the back
of the plate, and its measuring junction was | mm below the
test surface. Electnical energy was supplied to the beated alu-
minum plate via six beatng pads that were attached to the back
side of the plate. The power ioput to each of the six beatng
f“h was controlled by individual rheostats to maintain & um-

orm temperature over the enure heated test surface. The back

side of the heated plate was insulated to minimize energy loss
from that side. The beated plate could be maintained at uni-
form and constant temperature to within 0.2°C by controlling
the voltage across the individual beaters. The other plate that
formed the two dimensional duct was made from plexiglass and
its back was insulated with styrofoam board to simulate an
adiabatic surface. Thus, the electrically beated and the insu-
lated (adiabatic) plates formed an asymmetncally heated duct
which was 27.62 cm wide and 106.68 cm long, with adjustable
wall spacing berween 0.95 and 437 em.

Velocity measurements were made using a single channe!
laser-Doppler velocimeter (LDV) operaung in a backward
scattering mode and utilizing a counter for processing the
Doppler signals. The counter interfaced with a microcomputer
for rapid data acquisition and reduction. Glycerin particles,
two to five microns in diameter, were mixed with the inlet
forced air flow to Fprowde the scatiening centers for the velocity
measurements. Flow visualizations were carried out when
needed by using a 15-watt collimated white light beam, 2.5 cm
in diameter, and Glycenn parucles as scattering centers. Heat
flux measurements at the heated wall were performed by using
a Wollaston Interferometer (Wl} which provided a 1524 cm
diameter beam of parallel light for interferometric measure-
ments. This type of interferometer and its use for measuring
and deducing the peat flux from the interferogram were
described in detail by Seinas et al. (1972) and by Younger
(1987). Each interferogram typically had 9 s terminating
at the heated wall from which fringe displacements could be
measured. These fringes usually spanned a length of about 9
cm of the heated wall. Heat flux measurements from each
interferogram were averaged over the 9 c¢m length, and the
average magnitude was considered as occurring at the mid-
point of the interferogram. The duct was aligned with the beam
of the interferometer and was moved vertcally up or down to
make beat {lux measurements at different axial locatons of the
duct. All measurements, velociues and wall heat fluxes, were
made after the system bad reached steady state conditions.
Under these conditions the temperatures of the beated and the
adiabatic walls varied by less 0.5° C dunng a four-bour
period. The beat flux and the velocity measurements were not
made simultaneously. The aur ro‘g:m'es were calculated at a
mean temperature, (To + T )& t is based on the inlet air
temperature to the duct and the temperature of the beated

Flow visualizations were used to determine the onset of
fow reversal and the depth of its penetration.

NUMERICAL ANALYSIS

Predictions of the flow and temperature fields in the
experimental geometry were obtained by numencally solving
the governing elliptic paruial differential equations. The flow
was assuzied 10 be steady, two-dimensional, laminar, and the
properties were considered constant (evaluated at the average
temperature (T; + T,)2). By utilizing the Boussinesq
approximation, t%e governing conservation equations can be

listed as follows :
VR (s (1)
’x by
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The applicable boundary conditions are given by
yuQumve08Tay=00rT =T, (measured values)(5)

ysbumve 0, T=T, (6)
s=0iumu, ve0T=T, M
xel:a?yax? =0 avax=02"T/ex? =0 (8)

The pumerical solution of the above equations was obtained
by m%ﬁmte-&ﬂerenu scheme, embodied in the computer
code CH using the SIMPLE algonthm. The grid distribu-
tion in the calculation domain was pop-uniform in both the
longitudinal and the cross-flow coordinate directions. A large
number of ’n'd ints were placed in the regions where steep
vanauons of velocities were expected. Some of that informa-
tion was deduced from the experimental observations and also
from preliminary calculations usiog an equally spaced numeri-
zal grid. It was established from comparisons of predicted
velocity distributions using different grid density at different
axial Jocations that, for the range of parameters examined in
this study, 8 grid density of Ny x Ny = 90 x 60 is sufficient for
providing a gnd-independent solutibn.

DISCUSSION OF RESULTS

The two-dimensional nature of the flow was verified by
measuring the streamwise veloity distribution at the midplane
between the two walls, y = b/2, across the width of the tunnel
in the spanwise, z, direction for isothermal flow conditions.
These results reveal a constant velocity across 80% of the
duct’'s width, thus co ing the two dimensional nature of the
flow away from the side All reported streamwise velocity
distributions in the transverse ‘y* direction were measured
nlonlfL the midplane (spanwise direction, z = 0) of the duct’s
width. The inlet velocty prc e was measured and was found
10 be uniform over 90% of tL: cross section. This justified the
use of the- measured centerline tnlet velocity & the inlet condi-
tions in the numerical model The uncertainty associated with
temperature measurements was determined to be 0.2°C and
with the velocity measurements 1 percent. Similarly, in order
10 establish the accuracy level of the Wollaston Interferometer
for measuring the | surface heat flux, local beat transfer
rate (‘rlom 8 e ver;ilw hea.lt%d plate was &em:::u under
natural convectve condigions. The ‘"Tﬁ' n ytical
results, Nu, = O.SOBPrYyIr 0952+ Fr ) Gr,m, are com-
pared in Fig. 2 in terms of Nuy va. Gr,. These results indicate
that the present Wollaston Interferometer setup could be used
to measure the local surface best flux to within an accuracy
level of £ 5%.

The measured and predicted local heat transfer coefficient,
by, for natural convection at the beated wall of the duct are

100
o aT = 155'C
Wl saT=20C
o aT =350'C 1
v aT = 405'C
o aT = 461'C l
" — analytical result
»
=2
ZGM:'Q. « F T ’
L
.1 . i i t L
Gryx 108

Fig.2 Heat transfer from a vertical, heated, constant
temperature plate by natural copvection

Kzesemed in Fig. 3 as a function of the axial distance x.
easurements at axial locauoss of x = 38, 55 and 69 cm,
for beaung conditions of (Ty - T} = 74, 30, 38, 469C, and for
duct wall spacings of b = 0.9, 1.7, 3.18, and 4.37 cm, *..re
made 10 cover a wide rauye of the laminar patural convecton
domain in this geomeny, 10 < (bL)GryPr < 10,000. The
results in Fig. 32 and 30 ae 1or a duct spacing of b = 1.91 em,
while those in Fig. 3¢ are Jor & duct s?wg! of b = 457 em.
The temgemure differec . (Ty - T\ is 24°C in Fig. 3a and
469C in Fig. 3b and 3¢. Eall ~ «iimenw point in these fig-
ures represents the average “.om a single ollaston Interfer-
ometer interferogram ta'.cn 8t a given axal location. The
dotted line on these ' gures represents the predictions for a
single uniformuy Leated vertical plate under nitural convection
conditions (Ostrach, 1953), and the solid line represents the
predictions for the asymmetrically heated duct with conditions
corresponding to the experimental geometry.

The beat wransfer coefficient results in Figs. 3a - 3¢ indicate
a good agreement between Lhe predicted and measured values.
It 1s also clear from the figure that for some thermal conditions,
Fig. 3a, the local beat transfer coefficient at the beated wall in
the vertical duct could be smaller than the local beat transfer
coefficient at 2 single uniformly beated vertical plate under the
same thermal condition. For these thermal conditions, the
thermal boundary layer adjacent 1o the heated wall becomes
relatively large in companison 1o the wall spacing, and beyond
some point along the length of the duct the bulk temperature
becomes relatively high, causing thermal saturation. In that
region the beat transfer coefficient decreases &t a rate faster
than what occurs for the single uniformly beated plate. The
adiabatic wall that forms the duct also belps to form a chimney
effect that increases the velocity adjacent 10 the beated plate as
compared 10 that of the single uniformly beated plate, and thus
causes an increase in the beat transfer coefficient. This can be
seen by comparing the results of Fig. 3a with those in Fig. 3b.
1n that case an increase in wall temperature increases the -
pey effects and thus increases ‘e beat transfer rate as com-
pared with the single uniformly beated plate results. Similarly,
the results in Fig. 3b and Fig. 3¢ illustrate that an increase in
the duct wall spacing decreases the chimaney effect and thus
decreases the beat transfer rate. It should be poted that if the
adiab »*ic wall is removed sufficiently away from the beated
plate, ve. if the wall spacing of the duct is increased, then the
duct geometry becomes equivalent 10 the vertical uniformly
hested plate case. This limiting flat plate condition & 10
occur when (bx)GryPr > 7000. For cases when (b/2)GnyFr <
200 in Fig. 4, the beat transfer from the beated wall of the duct
could be smaller than the single uniformly beated vertical flat
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Fig 3 Heat iransfer coeffi<ient along the heated wall of
the duct

plate values along the iength of the duct due (o thermal satura-
tion and boundary iayer interaction with the adiabatic wall
Reversed flow from the exit section of the duct was not
observed in the &en‘menul geomewry for the experimental
conditions in na convection flow.

The measured beat transfer results for the beated wall of the
duct under qud eonvecﬁog conditions are presented in terms
olN\:dRe, '“ v3. Grg/Rey“ in Fig. S, and they are compared
with the natural and the forced convection beat transfer limits
for & single vertical uniformly heated plate. The results in this
ﬂurc were generated by using the u;mmemau beated duct

th wall spacings of b = 3,18 and 1.91 cm and the inlet velo-
city was larger what would develop under naturally con-

vective conditions, i.e. not under & starved flow condition, and
where the boundary layer adjecent to the beated wall of the

" {——-
-
«
Ty _— '
5 / .
z * 0 b= 095em
. ab=19cm
W' . cbei'Bem
. o bmd437cm
-~ single heated plate
“. e ' . H . L]
"w i " "0 19 "
(b/x)GryPr
Fig.4 Nusselt number for the beated wall in natural
copvection
Ty
) o
[-) - N -
J .
5‘ <= pure free convection
Z pure forced convection
correlation equation with N=2.0
-~ == predicted results
s = 191 cm
. o b= 318cm
“A‘. 16" . w' "
Gry/Re,?

Fig. 5 Cotrelated mixed convection local Nusselt
number for the beated wall in a verucal duct.

duct is smaller than the duct wall spacing. The results for this
regime can be correlated by the follomang relaton.

NugRe,05 = [(0296)N +(0359(GryRey) OBNIVN  (9)

The value of N = 2.0 seems 10 give the best correlation for
tbe data. This form is similar to the one proposed by Chen et
al. (1986) for mixed convection adjacent 1o beated flat plate
where the value of N for that case was 3. Note that the exper-
imental Reynolds number was calculated based on ug, which is
the center line velocity et the inlet secuon of the duct.

Measurements of beat transfer in the starved convection
regime, where the centerline velocity at the inlet section of the
duct was lower than the induced value ? natural convection,
are presented in Fig. 6. The beat transfer coefficient is pre-
sented in that figure as a function of the flow restriction ratio
ug/uy. For some of the starved flow conditions, the asymmetric
heatng (buoyancy forces) accelerates the flow at some point
Alona the duct length to a level higher than what can be pro-
vided by the fixed inlet flow condition. Thus additional mass
fow rate must be provided to that section of the duct via a
reversed flow from the top section (normally an exit section) of
the duct to satisfy the conservation of mass and momentum.
The reverse flow starts at the exit section of the duct and flows
downward adjecent to the cooler adiabatic wall The penetra-
tion depth of that reversed flow depends on the ievel of the
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Fig. 6 Heat transfer coefficient for the heated wall in
the starved convection flow regime, 8T = 300C

starved flow condition as dictated by the geometry, hoaung
level and the fixed inlet veloaty. The results presented in Fig.
6 correspond to measurements at an aval location of x = 32,1
and 66,7 cm when the duct spacing is b = 437 cm and the tem-
perature diilerence is (T <Ty) = 30°C. The measurements in
that figure represent starved gow conditions with and without a
reversed flow region. For the case when a reverse flow occurs
at the exit section of the duct, measurements of beat transfer
inside and outside the reversed flow region are identified and
presented in the figure. The data indicate that reverse Jow will
occur when the starved flow satisfies the conditions of ug/up <
0.5. From the available but limited set of experimental data, it
also appears that the heat transfer from the heated wall
depends more strongly on the level of starved flow conditions
(ug/up) when the reverse flow oceurs, ie. when up/ug < 05.

Flow visualizations were carried out to determine the occur-
rence of the raversed flow and its penetration depth under
starved flow conditions. The results show that reverse flow will
occur in the duct when ug/uy < 05. The penetration depth
increases rapidly as the starved flow condition increases, and
reaches its maximum vajue for the experimental geometry at
about 0.7 - 0.8 meters (70 - 80% of the duct's beight) when
Ug/ug < 0.2, where it remains approximately constant as the
degree of starved flow condition continues to increase. When
the penetration depth ceases to increase with increasing buoy-
ancy, ugyup < 0.2, the transition from laminar to turbulent flow
starts 10 occur to balance the momentum and mass conserva-
tion requirements.

Measurements of the velocity distribution in the asymmetri-
cally beated duct were performed using one component LDV

tem and they were not done simultaneously with the pre-
viously reported heat transfer measurements. were, how-
ever performed on the same experimental duct. Measurements
and predictions of velocity distributions in the mixed and
starved flow regimes are presented in Figs. 7 through 11. The
pumen predicted values, which are presented by solid Lines
in these figures, are in very good agreement with measured
values. Measurements and predictions are presented st differ-
ent axial locations, for different inlet velocities and different
beating (buoyancy force) levels 1o explore the effects of the
various parameters on the final results. The characteristic flow
behaviors consist of & skewed velodity distribution toward the
beated wall, with the level of skewness increasing as the level of
buoyancy force increases, as shown in Figs. 7 and 8. The differ-
ence between the conditions of Figs. 7 and 8 is that the temper-

sture difference was i from 25 1o 40°C while maintain-
Wemm = 01Smsandb = 3.17 e
two figures also show that as the buoyancy (beating)
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Fig. 7 Axial velocity distributions in the duect for
starved convection flow, aT=250C, u,=0.15 m/s,
and b=317 cn
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Fig. 8 Auxiul velocity distributions in the duct for starved
;w;eld?mnvecuon flow, aT = 40°C, uy=0.15 m/s, and
=317 em

level increases for a fixed geometry and inlet velocity, a starved

flow regime could develop in the dust, uunns s reversed flow
to oceur along the eoolerordnbadc wall of the duct

The effects of duct wall spacing on the velocity distributions
under patural convection conditions are shown in Figs. § and 10
where the heated wall temperarure was maintained constant at
25°C and the wall spacing was changed from b = 3.17 cm in
Fig. 9t0b = 1.91 cm in Fig. 10, When the duct wall spacing is
decreased fromb = 3.17 ecm in Fi& 9tob = 1,91 cmin Fig. 10,
the naturally induced velocity at the center of the inlet section
of the duct increased from ug = 0.25 m/s 10 ug = 0.40 nv/s due 1o
the chimney effects. The increase in velocity reduces the rels-
tive influence of the buoyug force on the velocity distribu-
uonkmd thus the skewness of the velocity distribution toward
the beated wall decreases as observed in Figs. 9 and 10. When
the inlet velocity is increased by forced flow 10 8 value of u, =
0.9 mvs while holding the other conditions of Fig. 10 constant,
the buoyancy force effects decreases even further, end the
skewness in the velocity distribution diminishes further as
shown in Fig. 11. It is important to note that utilizing the
adiabatic boundary condition, 8 T/2y = Oaty = {, the numen-
cal code provided predictions for the velocty distribution that
apee favorably with measured values whep there is no reverse

ow in the dv %, Le. in the natural or mixed convection regl
(Fig. 9 - Fig. 11). But for the starved flow conditions, wher
reverse flow appears in the duct, the use of the adiabatic
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Fig. 9 Axial velocity distnibutions in the duct for natural con-
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Fig. 10 Axial velocity distributions in the duct for natural con-
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Fig. 11 Axial velodity distributions in the duct for mixed con-
vection flow 8T = 259C u, =090 mv/s, and b= 191 em

boundary condition in the numenical code produces results that
deviate significantly from measured data in the reversed flow
region. For that reason measured adiabatic wall temperatures
were used as the boundary condition in the numerical code for
that flow domain (Fig. 7 - Fig. 8). The velocity in the reversed
flow region is very small and its magnitude is very
sensitive to the wall temperatures. Thus small deviations from
the adiabatic condition in the experimental apparatus affect

significantiy the magnitude of the velocity in the reverse flow as
shown in Fig. 12 where 2 sample of the results from Fig. 7 are
presented and compared for the two stated boundary condi-
tions.

Measurements of the temperature distribution inside the
duct were not performed but they were Fudimd by the
numencal code and a sample is presented in Fig, 13. The fluid
temperature and the adiabatic wall iemperature increase as the
axal distance increases, because of the added energy from the
heated wall. The reversed flow could not be detected from the
measurements of the temperature distnbution.
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Fig. 12 Sensitivity of numencal solution to boundary condi-
tions in the starved flow regime
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Fig 13 Dimensionless temperature distributions in the duct
for starved flow, s T = 46°C, u, = 041 nvs, and b= 191
om

CONCLUSION

In the present study, velocity and wall beat flux measure-
ments are reported for mixed convection air flow in a vertical
two-dimensional duct that is formed by one adiabatic wall and
one uniformly heated wall. Results are reported for different
buoyancy force effects by varying the hested wall temperature,
inlet air veloaty and spacing. The numerically predicted
velocity distribution and wall beat flux compare well with
measured-values, The velocity distributions are found to skew
toward the beated wall as the buoyancy force increases. A
starved flow regume could develop in the duct, at high buoyancy
levels, causing a reverse flow to occur along the cooler adiab-
atic wall of the duct, For the natural convection case a reduc-



wion in the duct wall spacing, while keeping all the other condi-
gons constant, will produce an increase in the naturally induced
inlet velocity due 10 the chimney effect. This causes the buoy-
ancy force effects 1o decrease and decreases the skewness of
the velocity distnbutions. For the mixed convection case, 8
simple correlation was developed for prcdxcu’nf with reason-
able accuracy the local mixed convection Nusseit number as a
function of the Grashof and Reynoids numbers. Measurements
of the wall beat flux show that the heat transfer rate 15 sensitive
to the level of starved flow condition, ugy/up, in the region
where uy/u, < 0.5. Reverse flow will occur in the duct adja-
cent to the adiabauc wall when uyuy < 05. The penetrauon
depth of the reverse flow will increase rapidly as the buoyancy
level increases through the decrease of the starved flow par-
ameter, Uy/up, but it reaches a limiung value when ug/uy <
02. Higber 6' oyancy levels will not cause an increase in the
peetration depth but will cause a transivon from laminar to
rrbulent flow.
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OF A DOWNWARD TURNING BUOYANT CEILING JET
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ABSTRACT

A experimental investigation has been carried out on the
mixed convective beat tramsfer characteristica of a buoyant
ceiling jet turping downward st a corper. Such flows are
frequently encountered in buoyancy driven transport in enciosed
regions, such a3 those associated with thermal energy storage
problems and enciosure fires However, very little work has been
dope on the basic heat transfer mechanisms in such flows
particularly on the local heat flux distributions over the ceiling
and the vertical wall near the corner. In this study, 8 two-
dimensional horizontal jet of heated air is discharged adjacent to
the underside of an isothermal horizontal plate whose other end is
attached to ap isothermal vertical plate, making & right angie
corner with it The distance between the jet discharge snd the
corner could be varied Extensive heat flux measurements were
carried out for different inflow conditions of the jet The
variation of the local heat transfer rate along the ceiling and the
vertica! wall shows a minimum followed by & recovery, as ihe
flow turns at the corner. The average Nusselt numbers for the
horizontal surface and the vertical walls ar! obtained as functions
of the mixed convection parameter Gr/Re* which is also known
as the Richardson number Ri of the discharged ceiling jet The
total heat transfer rate to the isothermal ceiling and the vertical
wall by the jet flow is slso obtained The study brings out several
basic considerations in the thermal transport from a buoyant jet
to the isothermal suriace over which it flows, including the
effects of opposing buoyancy for the vertical wall

NOMENCLATURE

A,  cross sectional area of the slot through which the beated
air jet is discharged

CP specific heat of the tluid at constant pressure
D width of the slot for jet discharge
(] magoitude of gravitational acceleration

Gr  Grashof number, g&XT ‘,-'I‘_)D’Iy2

h local beat transfer coefficient, QAT Ty)
k thermal conductivity of air
L

borizontal distance between ceiling jet discharge and
corper

Nup Nusselt number based on D, hD/k

ANuD difference between the maximuro and the minimum value
of Nupy at the corner

q local heat transfer flux to the surface

Q total net heat transfer to the isothermal surface from the
heated jet flow

QlN total thermal energy input by the ceiling jet,
poUoAOCP(To-T_)
Reynolds number, U, DA
Richardson number, Ri = Gr/Re?
discharge temperature of the ceiling jet

temperature of the isothermal surface

Re

Ri

To

Ty

T,  temperature of the surroundings
U, discharge velocity of the ceiling jet

w width of the horizontal and vertical plates

X horizontal coordinate distance, measured from the slot
X distance slong the two surfaces from the slot

y

vertical coordinate distance measured downward from

the slot

1 iransverse coordinate distance

Greek symbols

[ coefficient of thermal expansion of the fluid

v kinematic viscosity of the fluid

‘P penetration distance of the jet flow, measured downward
from the slot

£ density of air 8t the jet discharge

' dimensionless temperature, # = (T-THT Ty

INTRODUCTION

Buoyant jets are of contiderable importance in many
practical problems. For example. heat rejection to the atmosphere
and 10 water reservoirs, heat extraction and toermal energy
storage involve buoyant jet flows. Similarly, at the early stages of
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fire growth in an enclosure, the ceiling jet driven by the fire
plume turns downward at the corners and generates 8 wall flow
with opposing thermal buoyancy. The flow and heat transfer
characteristics of vertical buoyant jets have been considered in
the literature. But very little work has been reported on the flow
of a downward turning buoyant ceiling jet  This is the problem
considered in the present paper, which reports & detailed
experimental investigation on the heat transfer characieristics of
such flows. Interest lies mainly in the transport processes in the
vicinity of the corner and in the negatively buoyant flow thai
arises after the turn

Laminar buoyant jets have received considerable attention
in the literature, as reviewed by Jaluria (1986) Vertical jets with &
small amount of thermal buoyancy are considered in many
investigations. However, turbulent buoyant jets have been studied
more extensively because nf their practical relevance, see the
reviews by Chen and Rodi (1979) and List (1982) Goldman and
Jaluria (1986) carried out & detailed experimental study of
vertically discharged, negatively buoyant, wall jets. They obtained
the flow charactenistics of a8 two-dimensional wall jet, with the
buoyancy force acting in the direction opposite to that of the
flow, in an isothermal environment An insulated surface was
employed to simulate the wall The penetration distance § .,
which characterizes the downward penetration of the flow, w:ﬁ
obtained and related to the inflow conditiops of the jet in terms
of the mixed convection parameter Gr/Re*, defined later. This
paramgter 15 also often known as the Richardson number Pi =
Gr/Re’, where Ri is defined in terms of the discharge velocity,
temperature and slot width, as defined in the nomenclature. The
penetrption distance §, was found (o decrease with an increase in
Gr/Re’, indicating the ‘effect of increasing thermal buoyancy.

The fluid entrainment into the flow was also measured and
was found 1o increase with Gr/Re? over the investigated rgnge of
001 to 015 Jaluria and Kapoor (1988) extended this Gr/Re* range
to 06 and found that very large flow rates are indeed entrained
into the jet flow due to the large horizontal spread of the flow
perticularly near the stagnation region. Kapoor and Jaluria (1989)
have reported & detailed experimental investigation on the heat
transfer characieristics of such (wo-dimensional negatively
buovant wall jets in isothermal media A heated jet was
discharged vertically downward adjacent to a water cooled,
isothermal, aluminum plate The local heat transfer flux was
measured over the plate sor various values of the mixed
convection parameter Gr/Re‘, ranging from 005 to 105 It was
found that the total heat transfer rate from the jet to the
isothermal surface decreases with an increase in Gr/Re? due to
the decrease in the peaetration distance and the consequent
reduction in the heat transfer srea with increasing buoyancy
effects. The effect of the wall temperature on the jet penetration
distance was also determined and it was found that the
penetration distance decreases with an increase in the wall
temperature.  This was due to the decrease in the heat transfer
rate which results in @ higher buoyancy levei in the jet flow and,
bence, smaller penetration distance

The penetration of vertical buoyant jets into thermally
stratified media has also been investigated by many workers
Jalurie (1982) obtained a numerical solution to the problem of
penciration of a laminar vertical plane jet into a thermally
stratified environment. Kapoor and Jaluria (1991a) have carried
out an experimental investigation on the flow and thermal
characteristics of a plane turbulent wall jet in a two-layer
thermally stable environment The penctration distance é_ in the
stably stratified medium was found to be larger than thn in an
sotherinal medium at the lower temperature level Again, this
behavior is expected from the increased opposing buoyancy effect
in the latter case The mass flow rate penetrating downward
across the interface between the two layers was estimated and
compared with the jet inlet mass flow rate The heat transfer 1o
the isothermal surface was also measured for several wall
temperatures and jet discharge conditions.
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The flow and heat transfer due (0 8 horizontal buoyant
ceiling jet has also been considered by several investigators. Most
of these studies have been concerned with enclosure fires. Alpert
(1975) studied the flow generated by the fire plume driven ceiling
jet.  The characteristics of a cciling jet were investigated by
Cooper (1986,1987) He developed analytical estimates 10 predict
the spread and entrainment into the ceiling jet. Alpert (1971) and
You and Faeth (1978) have measured steady state velocity and
temperature profiles in ceiling jets.  Transient ceiling jet
characteristics were investigated by Veldman et al (1975) and
Motevalli et al. (1987) ransient temperature and velocity
distributions were measured in the ceiling jet flow caused by a
fire plume impinging on & ceiling Cooper (19821989), in &
theoretical investigation. obtained the heat transfer from a ceiling
jet to the horizontal boundary. He developed an algorithm to
predict the thermal response of the ceiling. for a variety of
realistic constructions, to different fire scenano.

It is seen from the above review of the relevant literature
that, although many studies have been carried out on vertical and
ceiling jets, no effort has been made 1o siudy the heat transfer
characteristics of a downward turning buoyant ceiling jet,
particularly near the corner. In this paper, an experimental study
15 carnied out on the heat transfer behavior of a horizontal two-
Jimensional buovant ceiling et as it turns downward at the
corner. The results presented here consist largely of temperature
and local heat transfer data Detailed velocity measurements were
also undertaken but are not presented here for conciseness. The

flow characteristics, including entrainment, will be the subject of
an accompanying paper (Kapoor and Jaluria, 191b)

In this paper, the jet penetration distance and the thermal
field were measured  The local heat transfer flux to the
horizontal and vemc%l plates was measured extensively over the
range of 002 £ Gr/Re* s 06 From these heat flux measurements,
the heat transfer from the ceiling jet to the ceiling and to the
vertical wall is obtained The distance between the jet discharge
and the corner, L. has been varied in the experiments (o
determine the effect of the parameter L/D on the heai transfer
rates. Results are presented for three values of L/D. The basic
heat transfer characieristics of the downward turning jet are
emphasized and some relevant aspects of the resulting flow are
also reported The heat transfer in the vicinity of the corner is
important in ihe simulation of these flows  Similarly, the
resulting negatively buovant flow is important in the modeling of
enclosure fires 10 study the changing environment in a room

EXPERIMENTAL ARRANGEMENT

Figure | shows a sketch of the experimental arrangement.
A blower sends ambient air, over ¢ wide range of fiow rates
through a heated copper tube. The blower is fixed at the bottom
of a vertical duct which is 135 m high and 03m x 03m in cross
section. To ensure uniform flow and a low level of turbulence in
the duct, » honeycomb section and three very fine screens are
provided at the entrance. Two very fine screens, which are 03m
apart from each other, are provided io the central portion of the
duct. This arrangement provides a very low level of turbulence.
with intensities usually less than 05%, in the duct and a fairly
uniform flow, with & variation of less than 5% in the veiocity is
obtained across the duct width. The copper tube, which is § em in
diameter and 1 m in length, is heated by means of three fiberglass
insulated heaters which are wrapped around it. The eleciric
energy input to each of the heaters is varied by means of power
controllers. A twodimensional diffuser, whose width could be
varied, is fixed to the copper tube. Several diffuser designs were
considered to ensure uniform two-dimensional flow st the exit
Velocity and temperature measurements scross the diffuser exit
showed fzirly uniform distributions.  The variations in the
temperature and velocity were less than about 3°C and 2 cm/s.
generelly giving rise to values that were iess than 2 and 5 percent
of the mean values, respectively. The copper tube was provided
with an insulation jacket. which consists of an inner layr: of
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Fig L Experimental arrangement for the study of the mixed
convection flow of a heated, two-dimensional ceiling jet
discharged horizontally into an enclosurs.
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Fig 2 Sketch of the experimental arrangement -ed for
simulating isoihcrmal horizontal and vertical surfaces.

Experimentally oblained isotherms 2 downward
turning buoyani cciling jet 8t Gr/Re” = 0301




fiberglass tape snd outer layer of glass wool

The discharge temperature of the jet T, could be varied up
to 150°C and the discharge velocity could be adjusied between 03
aod 25 m/s  Thus, a [airly wide range of the governing
parameters, Re and Gr, based on the inlet conditions, could be
obtained with the present experimental arrangement.  The
maximum values for the Grashol number Gr and the Reynolds
number Re. obtained in the present experiments, were 3500 and
10°, respectively. The discharge velocity of jet was obtained by
measuring the velocity distribution st the exit of the uiffuser. A
calibrated DANTEC hot wire sensor was kept horizontally at the
exit of the diffuser to measure the velocity distribution there
The hot wire was caiibra‘ed by using a special calibration facility
which was designed to calibrate the sensor at small velocity levels,
ranging from 0 to 05 m/s, and for a desired flow direction. The
details of the calibration method and of the velocity
measurements are given by Tewari and Jaluris (1990)

The discbarge temperature of the jet was measured using a
rake of five thermocoupies located across the diffuser. The
average of five temperatures was then taken as the jet discharge
temperature T, As mentioned earlier, the temperature
distribution scross the diffuser exit was very uniform A
mumaum variation of 30°C was measured over the range of
Gr/Re‘ employed in the present experiments For further derails
on this sys'em, see Goldman and Jaluria (1986) and Kapoor and
Jaluna (1989)

The beated, twodimensional jet of air, was discharged
horizontally adjacent to the isotbermal surfaces, as shown in Fig
L A water cooled aluminum plate represents the ceiling of an
enclosure.  Another water cooled vertical aluminum plate was
fixed to the ceiling piate, thus forming a $0° corner  The
horizontal distance L between the corner snd the jet discharge
could be varied from about 06m to L0m by moving the jet slot
along the ceiiing plate. The width of the jet could alsc be varied
In the present eaperiment, most of the measurements were taken
8t D = Q065m and QOS06m. Thus, this arrangement allowed #
change in L/D from 10 to approximately 20

The sides of the flow region were kept partiaily open in
order to avoid thermal stratification. Extensive data were taken
without any side walls, and it was found that the jet flow was
confined to a maximum value of about 2D from the ceiling and o
about 4D from the vertical wall throughout the range of Gr/Re
Based on these experimental observations, as shown in Fig L the
sides were closed up to 2D and 4D from the ceiling and veruical
wall, respectively, in order 1o avoid entrainment close (o the wall
flows and, thus, muintain the twodimensionality of the flow
However, the results near the midplane were found to be
essentially independent of the side walls Thus, the results
presented here are not affected by the edge flow or the side walls
All experimental results reporied in this paper are with the
sidewalls parually closed, as outlined above, and closely represent
physical two-dimensional flows encountered in practical situations
such as enciosure fires

The water cooled aluminum ceiling snd vertical plates are
identical in design. As shown in Fig 2, four rectangular copper
tubes, each 2.5 cmx125 cm in cross section, were fixed along the
length of the plate. It was made sure that the surface contact
between the aluminum plate and copper tubes was excellent
Water from an outside source enters at the top of the vertical
plate end the water coming out of the arrangement for this plate
was sllowed to enter st one end of the ceiling plate Water
coming out of the other end of the ceiling plate was allowed to
drain into & siak. The tempersture of the water entering the
vertical plate was mainteined st a desired value by mixing hot and
cold water streams. Twelve thermocouples were embedded in the
plate 1o monitor plate temperatures For further details on the
piate assembly, see Kapoor and Jaluria (1989) A fairly uniform
temperature distribution was found over the plate surface. The
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maximum lemperature difference measured between anv (wo
embedded thermocouples on the two plates was alwavs less than
L0*C. giving an error of less than 3% in the plate temperature
daa

The heat transfer from the hot jet to the ceiling and
vertical piate was measured by using microfoil heat flow sensors
(RAF type 20472-3) Each of the heat flux sensors was |Smmxomm
in surface ares and O3mm in thickness, and could casilv be
artached to the plate. The typicai distance between two heat flux
sensors along the ceiling and vertical plate was spproximately $0
cm except near the corner where the sensors were placed typicaily
' ¢m from each other. This arrangement provided detailed
distributions of the heat transfer flux slong the ceiling and the
vertical plate. The electric output (in nillivoln; from the heat
flux sensor was converied into heat flux (in W/m?) with the help
of individual calibration curves supplied by the maoufacturer and
verified in the laboratory by employing surfaces with known heat
flux inputs. The sccuracy of the measured heat flux was
estimated to be very high, with an estimated error of less than 3%
in the present experiments. The fluctustions in the heat flux were
found to be less then 10% in most of the cases and may be
attributed 1o the turbulent flow over the surfaces The output of
the heat flux sensors were constantly monitored on a strip chart
recorder and all the heat flux data were collected by using a
Keithley data acquisition system. Thus, the errors in the reported
Nusselt and Richardson numbers were estimated to be less than
5% and 3%, respectively. The temperatures were measured by
copper<constant thermocouples Considerable care had o be
exercised to obtain accurate and repeatable data In general, the
repeatability was very high, being within 5% for most
messurements reported here

RESULTS AND DISCUSSIONS

The height D of the iwodimensional, wide. siot
discharging the jet is generslly taken as the characteristic
dimension for # jet in an extensive environment (Jaluria, 1980,
Gebhart et al 1988) The dimensionless governing parameters in
the present experiment are the Reynolds number Re, the Grashof
number Gr and the Richardson number Ri, which $ also often
known as the mixed convection parameter, Gr/Re* The heat
transfer at the ceiling and vertical wall may be presented in terms
of the Nusselt number Nupy These dimensionless quantities are
defined as follows:

UD 84T -T)D?
Re = & Gr oo e B (1)
¥ v
T-T)D
Rim= .‘5_.2.2_. N"D - hR 2
Uk k

where Uo and To are the velocity and temperature at the
discharge of the jet, g the magnitude of the gravitational
acceleration, # the coefficient of thermal expansion of the fluid h
the local convective heat transfer coefficient, and » the kinematic
viscosity of air at the discharge temperature T, Thus h is given
by b = g/(T,-T,) where q is the measured Iocnl%ul flux and T, is
the surface temperature.

The data consist mainly of the temperature distributions in
the jet fiow and of the local heat flux measurements along the
ceiling and the vertical wall for different values of the jet
discharge conditions such as temperature and flow rates The
results are presented for UP = 10, 131 and 165 and the mixed
convection parameter Gr/Re” or Ri was varied from 0.02 to 065 in
the present experiments. Some of the typical experimental results
obtsined in this siudy are presented bere



The buoyant horizontal ceiling jet, after losing some of its
momentum and thermal energy to the ceiling, reaches the corner
and turns downward along the vertical wall and behaves like a
pegatively buoyant wall jet, as studied by Goldmaa and Jalunia
(1986} The hot jet flow peneirates 1o a finite distance §, in the
enclosure, due to the opposing buoyancy. It then turns upward
and flows out of the enciosure. In this process, the jet flow
entrains signifizant amounts of fluid from the ambient medium.
resulting in & much larger flow rate out of the enciosure, as
compared 10 the discharged flow rate.

The penetration distance &, which represents the
downward penctration distance of the ?bemul effects in the flow,
is defined as the vertical distance at which a sharp increase in the
temperature level is seen as one proceeds {rom bottom 10 the top
of the enclosure (Kapoor and Jaluria, 1989) The varniation of the
penetrption distance &, with the mixed conveciion parameter
Gr/Re* for L/D = 10, 131, 165 and 205, is shown in Fig 3. The
ceiling and the verncal wall temperatures are kept the same and
are very close to the ambient temperature (within + 10°C) It s
seen from the figure that the penetration, in general decrease
with an increase in the mixed convection parameter Gi/Re”.
These results are similar to those .~ a negatively buoyant vertcal
jet. The results for a vertical jet a1. aiso shown in the figure. The
penetration distance was found to be smaller for the higher value

of L/D at » given Gr/Re?. 1t was found that the velocity level
decreases at a much {aster rate than the thermal energy along the
ceiling plate as the flow approaches the corner. Hence. the jet
flow has, relatively, smalier momentum, while retaining a larger
amount of its thermal energy after it turns downward at the
corner. This results in a smaller penetration distance for the
bigher value of L/D. The velocity data are not presented here for
brevity. But the flow field measurements agreed closely with the
results from the temperature and beat f{lux data (Kapoor and
Jaluria, 1991b)

Appropriate correlations may be obtained 1o caiculate the
nondiiuennonll penetration distance §_ /D as a function of
Gr/Re* for various values of L/D. A gen€ral correlating equation
to calculate § /D, incorporating both L/D and Gr/Re* as input
parameters, is

g - 1307 (L/DyS4(Gr/R 204 )

Other correlating equations for different thermal conditions such
as the vertical negatively buoyant jei have been obtained earhier
(Goldman and Jaluria, 1986)

Io order to understand the basic nature of the resulting
transport processes, detsiled measurements of the thermal [lield
across the enclosure were carried out The thermal field was
mapped very closely, by using a reke of thermocouples which was
placed at the midpoint of the depth (z direction) of the enclosure.
From these temperature measurements, the corresponding
isotherms were determined by intgrpolation Figure 4 shows »
typical set of isotherms for Gr/Re* = 0303 It is seen from this
figure that the borizontal buoyant ceiling jet loses thermal energy
a3 it moves along the ceiling aud turns down at the corper along
the vertical wall As expected, the jet flow loses thermai energy
as it penetrates downward to a finite distance § . as discussed
carlier, and then rises upward duc to thermal %uoyancy and
finally escapes out of the enclosure. It is seen from the isotherms
that the ceiling jet flow starts turning downward before reaching
the corner. This shows that the ceiling jet flow separates from
the ceiling some distance before the corner and reattaches to the
vertical wall downstream. This indicates the presence of a small
recirculation zone in the cormer. This cooclusion was also
confirmed by the velocity profiles measured near the ceiling and
vert.cal plates The flow separation st the corner is also
confirmed by the corresponding heat flux measurements on the
celiing and vertical walls,
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As mentioned earlier, the local heat iransfer rate from the
jet to the isothermal ceiling and vertical wall was measured by
using heat flux meters. These heat flux gages were fixed at about
50 ¢cm apart from each other along the midplane of the ceiling
and vertical plates. In order 1o measure detailed heat flux
distributions at the corner, the sensors were fixed mere closely (up
to | cm) &t the ceiling and vertical plate near the corner. The
temperature of the ceiling and vertical plates was kept the same
and close 10 the ambient temperature (within 2L0°C)  Extensive
heat transfer dats has been obtained for 002 s Gr/Re? s 065 and
L/D = 10, 131 anc 165 Only a few of the typical results are shown
here for conciseness

§i|ure S shows the vanation of measured heat flux q (in
watis/m*) along ihe ceiling and the vertical plate for Gr/Re® =
00435 and L/D = 10. It is seen from the figure that the local hest
transfer rate decreases along the ceiling plate and reaches its
lowest value just before the corner. [t is seen to increase sharply
as the jet flow turns downward at the corner and reaches its
maximum value jusi below the corner on the vertical wall. The
local heat transfer flux is then seen to decrease gradually slong
the vertical wall and to become aimost zero further downstream.
The penetration distance §_ has also been shown in the figure
As implied by 1sotherms in g‘i; 4, the jet flow separater from the
ceiling plate and reattaches to the vertical wall at the corner. Fig
S further confirms the exisience of a small recirculation zone in
the corner

Figure 6 shows the varmation of the local Nusselt number
Nu qzlon‘ the ceiling and the verrical plate for four values of
Gr/Re* and for L/D = 10. The ioca! Nusselt number is defined a3
Nu « hD/k, where h = g/T T} The basic trends are similar to
those observed in Fig 4 fue' dimensionless local heat transfer
rates, in terins of the Num&( number, are seen to be higher for
the smaller values of Gr/Re® [t should be mentioned here that
the measured ?lue of locsl heat flux q is smaller at the lower
value of Gr/Re®. Higher values of Nup, are obtained because of
still smaller value of (T Ty} It is seen from the figure that, in
general, the local heat transfer rate first decreases siong the
ceiling plate, then increases at the corner and again decreases
along the vertical plate, becoming almost zero st some location
downstream. The penetration distance §, has slso been marked
on the figure. The decrease in Nuy along the ceiling and the wall
is obviously dug to the increasing goundlry layer thickness of the
flow (Jaluria, 1980)

It is seen in Fig 6 that the recovery in the local heat
transfer rate at the corner depends upon the value of Gr/Re’.
The recovery in the loca] heat flux was found to be larger for the
smaller values of Gr/Re®. Figure 7 shows variation of this beat
transfer recovery, expressed in terms of ANuy, defined as the
difference between the maximum ang the minimum values of the
local Nup, at the corner, with Gr/Re®. It is seen from Fig 7 that
the heat transfer recovery factor, ANup, decreases sharply up to 8
value of Gr/Re“ = OPS This is followed by a gradual decrease as
the value of Gr/Re* is increased to 0435 _This is an expected
result because, at the lower value of Gr/Re”, the ceiling jet flow
has reletively larger momentum before it turns downward at the
corner. Therefore, it separates from the ceiling plate at & larger
distance from the corner and reattaches itself to the vertical wall
at a larger distance belgw the cormer. This suggests that at the
smaller value of Gr/Re* the size of recirculation region at th
corner is larger than that found at lh! bigber values of Gr/Re*.
Hence, at the smaller value of Gr/Re?, the separated ceiling jet
flow has to travel a latger distance &t the corner before it
reattaches itself to the vertical wail resulting in a higher beat
transier recovery factor.

The variation of the sverage Nusselt number Nup, for the
ceiling plate with Gr/Re? for L/Dw10, 131 and 165 is shown in Fig
& As defined earlier, NupwhD/k where B=Q . 0 AT T )JeWsl
Here, W and L are the width and the length ol the ceiling plate,
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Fig 5 Variation of the local hest transfor flux with distance ¥
from the siot, slong the ceiling plate snd the vertical
wall
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Fig. 6 Distribution of the local Nusscht nmhst Nu,, over the
ceiling and the vertical wall for Ge/Re® = mﬁn 00435,
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Gr/Re” for the ceiling plate at different valucs of 1/D




respectively. The total net heat transfer rate to the ceiling
Qceiling W3 Obtained by integrating the measured heat flux over
the ‘cnllb of the ceiling plate. 1t is seen from this figure that thf
average Nusselt number decreases with an increase in Gr/Re

This 1s due to the fact that, while the net heat transfer to the
ceiling plate Q... . incresses with Gr/Re?. the jet temperature
difference (To-'f':’ nﬁcrum more rapidly than th This
results in a lower average heat transfer coefficient cné"hencc b
lower value of Nu,, at higher Gr/Re* Figure & shows that the
average Nusselt number was also found to be larger for the lower

value of L/D. As discussed earlier. the definitions of Nup and b
are

Nu fys) b e.mlm_

up =4 where h .(TO-T')oW‘OL (4)

Nu 9.;: ..._._.D

NUD - k(To.T.).V.L (S)

This equation can also be written as

Nu - A 1117 S—

Nup, KT, T,)We(LUD) (6)

As seen later in this paper, Q ... was found to be larger
at the higher vaiye of L/D, the corrcssondmg value of Nup
calculated from Eqn. (5) was lower due to presence of (1/D) in the
denominator.

. Figure 9 shows variation of the average Nusselt number
Nuy, for the vertical plate. In this case. the average heat transfer
coelficient h = o""/('r,-rl)-w.c . Here. Q ol 18 the net heat
transler from the jpt fiow to ?he vertical wall up to the
corresponding penctration distance §_  The basic trends of the

sults are similar to those ducuued’nn the case of the ceiling
plate

The average Nusselt number Fl_uD for both the ceiling and
the vertical wall can be expressed as

p— ED . BY. . ‘0‘
Nup = ; where h = (Td-T’)-WO(L*lp) (n

The variation of the average Nusseit nymber FITA-U for both the
ceiling and the vertical wall with Gr/Re” is shown in Fig 10 The
results show the average heat transfer rate from the jet flow to
the ceiling and the vertical wall The basic trends, as expected,
are s combination of individual results for the ceiling and the

vertical wall, as shown in Figs 8 and 9, respectively.

All these results may also be expressed in terms of
correI’un; equations to indicate the dependence of FIGD on
Gr/Re® and L/D. There is also a8 weak additionsl dependence on
Re. However, for sych turbulent mixed convection flows, the
dependence on Gr/Re® is much stronger than that on either Gr or
Re and the results may be expressed fairly sccurately in
terms of the ini:ed convection parameter. Thus, over the ranges

002 < Gr/Re* < 065 and 10 < L/D < 20, the experimental results
are well correlated by the equations

(NUp)eeitiang = 204%(Gr/Re?) ML) (8)
(Nup)ya = RRTNGH/Re?)I5(L/D)S ®)
(mb)umnpvull " ﬂJs(G'm’z)m(UD)M (19)

The correlation coefficients for these equations are larger than
095, indicating a fairly close approximation of the data with these
equations
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Figure 11 shows the variauon ol Q and Q with
Gr/Re? lo‘r L/D =10 In this figure, Q is n‘gr'xh ﬂnemnon:ﬂlz‘ed by
the total therma! energy input by the ceiling jet olN~ which s
calculated as follows

QN = VoA LT Ty (1
It is seen_from this figure that Q ... increases with an increase
in Gr/Re®, This is an expected resull because i the higher value
of Gr/Re* the ceiling jet has a relatively larger amount of
thermal energy which results in larger heat transfer rate to the
ceiling plate. However, the net heat tranifer to the vertical wall
was found to decrease gradually with an increase in Gslkc“ This
is due to the fact that at & higher value of Gr/Re®, the flow
penetration é_ is smaller. Thus, the thermal transport area s
smaller on h€ vertical wall Similar results were found in the
case of a negatively buoyant vertical jet. Figure 11 also shows the
total heat transfer 1o the ceiling and vertical wall Q, .., 15 the

sum of Qg0 20d Q4 35 discussed earhier.

The effect of L/D on the total heat transfer is shown in
Fig 12 It is seen from this figure that the total heat transfer rate
15 larger at the higher value of L/D.  This is due to the
corresponding surface area of the ceiling plate being larger, which
results in greater heat transier

The teeults presented here indicate the basic heat transfer
processes associated with the heated ceiling jet which turns
downward to give rise to a vertical negatively buoyant wall jet
The flow over the wall i1s very similar to that of a heated,
downward, jet discharged adjacent to the wall However, the
transport over the cciling. or the horizontal boundary,
substantially affects the conditions obiained at the corner and
thus the wall jet. The overall transport is determined by the inlet
conditjons. characterized by the tmized convection parameter
G1/Re*, and by the horizontal distance L/D over which the heated
jet interacts with the ceiling The observed trends are found to
agree with earlier work on ceiling jeis and on wall jets and with
the underlying physical mechanisms

CONCLUSIONS

A detailed expernimental study has been carried out to
investigate the basic neat transfer charactenstics of a heated,
horizontal, ceiling jet which turns downward st 8 corner to
become a wall jet with opposing thermal buoyancy. Such buoyant
ceiling jets are frequently encountered in many practical
problems, such as enclosure fires &nd thermal energy storage
systems. A heated twodimensional jet of air is discharged
horizontally adjacent to the underside of an isothermal ceiling
plate An isothermal vertical plate is fixed to the other end of
this horizontal plate, making a right angle corner. The distance
between the corner and location of jet discharge was varied. slong
with the width of slot through which the jet s discharged and the
inlet velocity and the temperature of the jet The discharged
ceiling jet turns downward st the corner and then penetrates
along the vertical wall 1o & finite distance as a negatively buoyant
jet. In this study, the heat transfer characteristics of the resulting
flow is reported. The following are the major conclusions of the
study:

L The local heat flux measurements on the ceiling and the
vertical wall and the isotherms obtained in the flow indicate that
the jet flow separates from the ceiling just before the corner and
reattaches itself to the vertical wall at some distance below the
corner. These results indicate the existence of a small
recirculation zone at the corner.

2 A minimum in the heat transfer rate arises just upstream
of the coroer. This value recovers downstream, attaining &
maximum just below the corner and then decaying downstream.
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