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a b s t r a c t

This paper presents comparisons of recent experimental data, presented in a companion paper, to the
existing correlations for heat transfer in various gas flow regimes and development of more accurate
new correlations. The existing correlation of Celeta et al. showed the best agreement with the data in
the turbulent heat transfer regime, while most of the existing correlations for laminar heat transfer
showed unsuccessful predictions. Three new sets of correlations, each covering the mixed convection
laminar, normal turbulent and deteriorated turbulent heat transfer (DTHT) regimes for heated gas up-
flow, have been developed to agree better with the data in each regime.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Experimental data presented in [1–3] show that two major
physical phenomena: (1) buoyancy and (2) acceleration, may hin-
der normal turbulent heat transfer in gas flowing upwards in a
heated channel. This regime is called deteriorated turbulent heat
transfer (DTHT). Furthermore, when a gas flow rate is low enough
to fall within the laminar flow regime a high heat flux can enhance
laminar heat transfer by generating a strong buoyancy force. These
special heat transfer regimes do not follow the convection theory
developed from assumptions of constant thermo-physical proper-
ties and weak buoyancy force. The predictions based on this theory
are often significantly different from the observations.

A review of the existing theories for the buoyancy driven and
acceleration driven DTHT will be presented more thoroughly than
before [1], and this presentation will be followed by a review of
existing correlations relevant to the DTHT regime. Next, the corre-
lations reviewed will be compared to recent experimental data ob-
tained for nitrogen, helium and carbon dioxide gases, which were
presented in [1–3]. Finally, development of new correlation sets,
which perform better than the correlations reviewed, will be
presented.

2. Literature survey

A strong buoyancy force can impact the flow in various ways
depending on different combinations of the buoyancy force and
ll rights reserved.

: +1 617 258 8863.
the flow directions. Within this study, only upward heated flow
with uniform wall heat flux will be addressed since our recent
experimental data [1–3] were obtained for this situation.

The buoyancy effect can alter the heat transfer characteristics of
both laminar and turbulent flows. Under laminar flow conditions,
the buoyancy force results in a steeper velocity gradient near a
strongly heated wall than a weakly heated wall. Therefore, the
ability to remove thermal energy from the wall increases and lam-
inar heat transfer is enhanced. Typically, the situation where a
strong buoyancy force acts on forced flow is called ‘‘Mixed Convec-
tion”. A selection of an appropriate non-dimensional number for
describing the buoyancy force applied to the laminar flow is
important to characterizing the experimental data. When non-
dimensionalizing the momentum equation, the temperature in
the buoyancy force term, where the Boussinesq approximation is
applied, is a controversial variable for selecting the reference
parameters, as we will see in a later part of the review. The two-
dimensional steady-state momentum equation for constant fluid
properties (except in the buoyancy term) is considered for
simplicity.
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According to Petukhov and Polyakov [4] (p. 20) the reference
parameter for non-dimensionalizing the temperature should be
dependent on the boundary conditions. Since only uniform wall
heat flux is considered in this paper, a non-dimensional group based
on heat flux will be adopted. The resulting non-dimensional
momentum equation is presented in Eq. (2).

mailto:hejzlar@mit.edu
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

A area (m2)
Bo* buoyancy parameter (=Grq/Re3.425Pr0.8, Ref. [5])
cp specific heat at constant pressure (J/kg K)
D pipe diameter (m)
E buoyancy parameter (=Grq/Re4Pr, Ref. [4])
G mass flux (kg/m2 s)
g gravitational acceleration (m/s2)
GrDT Grashof number (=gb(Tw � Tb)D3/m2

Grq Grashof number based on heat flux (¼ gbq00wD4=km2)
Gz Graetz number (=(pD/4x)RePr)
H enthalpy (J/kg)
h heat transfer coefficient (W/m2 K)
Kv acceleration parameter (¼ m=U2

bðdUb=dxÞ � 4qþ=Re)
k thermal conductivity (W/m K)
L distance from the inlet (m)
L/D maximum value of x/D
_m mass flow rate (kg/s)

Nu Nusselt number (=hD/k)
P system pressure (MPa)
Pr Prandtl number (=m/a)
qþ non-dimensional heat flux

(¼ q00w=GHb � q00w=GcpTb � bq00w=Gcp)
q00 heat flux (W/m2)
q� non-dimensional heat flux (¼ Dq00w=2kinTbin

, Ref. [13])

Ra Rayleigh number (=GrDTPr)
Re Reynolds number (=UbD/m)
T temperature (K)
U velocity (m/s)
x axial direction and distance (m)
x+ non-dimensional axial distance = 2x/DRePr
y radial direction

Greek symbols
a thermal diffusivity (=k/qcp, m2/s)
b thermal expansion coefficient (=(�1/q)(oq/oT)p, K�1)
l dynamic viscosity (kg/m s)
m kinematic viscosity (m2/s)
q density (kg/m3)

Subscripts
b bulk
F forced convection
in inlet
N natural convection
o reference state
th threshold
w wall
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For turbulent flow, there are two theories to explain the effects
of strong buoyancy on turbulence. One was introduced by Hall and
Jackson [5] and the other by Petukhov and Polyakov [4]. Jackson
and Hall first developed their theory to explain the heat transfer
deterioration observed in turbulent heat transfer in supercritical
fluids. Their theory is based on the observation that turbulence is
mostly generated and diffused by the shear stress near the bound-
ary between the wall region and the core region. Since the buoy-
ancy force accelerates the flow near the wall relatively more than
in the core, the average velocity difference between the wall and
the core is reduced. Therefore, the shear stress in the region be-
tween the wall and the core is reduced since the shear stress is pro-
portional to the average velocity difference between two regions.
As a result, the flow tends to stabilize, causing a decrease in the
turbulence production and a consequent decrease in turbulent
heat transport. More details can be found in [5]. The resulting gov-
erning non-dimensional number that was developed by Jackson
and Hall is called the buoyancy parameter Bo*.

On the other hand, Petukhov and Polyakov [4] adopted concepts
for turbulence interaction with buoyancy forces, from the meteo-
rology field [6]. Petukhov and Polyakov suggest that the heating
of the upward flow can cause two effects: an external effect and
a structural effect. The external effect is defined as the change of
the mean velocity field due to the buoyancy force and the struc-
tural effect is defined as additional work required for turbulence
to overcome the stabilized density gradient in upward heated flow.
For high heating rates, the structural effect is much stronger than
the external effect, thereby leading to a decrease in the turbulent
intensity due to energy loss via work against the stabilized density
distribution. The governing non-dimensional parameter developed
within this framework is the buoyancy number E. Both Bo* and E
are defined in Eq. (3).

Bo� ¼ Grq

Re3:425Pr0:8 ; E ¼ Grq

Re4Pr
: ð3Þ

In summary, even though these two theoretical frameworks provide
different explanations for the mixed convection effect on turbulent
flow, the resulting non-dimensional numbers are comparable.
Within our study, Bo* will be used for correlating the experimental
data for the buoyancy induced DTHT cases, since it has been applied
more widely in the literature for developing correlations than the
Petukhov and Polyakov parameter has been utilized.

The second phenomenon which can induce DTHT is the acceler-
ation effect. Flow acceleration has been studied for converging
channels, where the mean velocity increases due to reduction in
flow area [7]. A strongly heated flow, where the fluid density de-
crease due to heating causes an increase of the mean flow velocity
can exhibit a behavior comparable to converging channels. Thus,
strongly heated flow also can be affected by the acceleration effect
so that significant reduction of turbulent heat transfer can be ob-
served due to apparent ‘‘laminarization” of turbulent flow. To rep-
resent this situation an acceleration parameter is defined in Eq. (4),
which was derived in Ref. [8]. The transformation of the earlier
acceleration parameter to one for heated gas flow was performed
by applying energy and mass balance equations with perfect gas
and constant cross section assumptions to the original definition

Kv ¼
m

U2
b

dUb

dz
� 4qþb

Re
: ð4Þ

In contrast to the buoyancy driven DTHT, there are few heat transfer
correlations for the acceleration driven DTHT regime and they are
not easily found. This paucity occurs because most literature
sources focus on a threshold value for the acceleration driven lam-
inarization process, rather than on development of heat transfer
correlations. Therefore, the acceleration induced DTHT papers are
not explicitly reviewed in this study. For related information on
the estimation of the acceleration DTHT threshold, one may see
[9,10].
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For the two effects, the threshold values indicating when forced
turbulent heat transfer is likely to become DTHT are Bo�in � 2� 10�6

and Kvin � 2:5� 10�6. These values were updated in [1–3] from the
recommendations by McEligot and Jackson [9] (Bo* � 6 � 10�7 and
Kv � 3 � 10�6). It should be emphasized that not only the threshold
values were updated for separating the normal forced turbulent
regime from the DTHT regime but also the location where the
parameters should be evaluated was revised from [9] to [1–3].
Here the threshold value is evaluated at the inlet of the channel
rather than at a local point in the channel, since choosing the inlet
value seems to make a clearer demarcation between the normal
forced turbulent and the DTHT regimes for these data, as was
discussed in [1–3]. Even though the onset of each DTHT regime
is reasonably well defined, the predicted heat transfer coefficient
for this regime differs among the researchers, as will be shown
in the following sections. It should be noted that all non-
dimensional numbers presented here are evaluated from the local
bulk fluid properties, unless it is specified otherwise.

2.1. Laminar convection with large buoyancy effect

2.1.1. Hallman (1961)
Hallman solved for the fully developed laminar velocity and

temperature profiles analytically when the forced and free convec-
tion forces have comparable magnitude [11]. He used as the gov-
erning non-dimensional number the Rayleigh number defined
with the axial temperature gradient. If the axial temperature gradi-
ent is transformed as a function of heat flux by applying an energy
balance, Hallman’s definition of the Rayleigh number can be repre-
sented with a combination of the Grashof number based on heat
flux and Reynolds number. Hallman [12] presented experimental
data from water experiments as well as a modified heat transfer
correlation, which was based on his earlier theoretical develop-
ment. The correlation is believed to be valid for the range of
100 6 RadTb=dx ¼ ðGrq=4ReÞ 6 10;000

NuHallman ¼ 1:40Ra0:28
dTb=dx ¼ 1:40

Grq

4Re

� �0:28

: ð5Þ
2.1.2. Worsøe-Schmidt and Leppert (1965)
Worsøe-Schmidt and Leppert conducted a numerical analysis

[13]. They developed an implicit finite difference scheme for solv-
ing the governing equations for laminar gas flow in a vertical,
heated circular tube with large variations of gas properties. Based
on their numerical scheme, friction factor and Nusselt number cor-
relations were given for air with both uniform wall heat flux and
uniform wall temperature boundary conditions. Later, Worsøe-
Schmidt applied the same finite difference scheme for helium
and carbon dioxide and proposed heat transfer correlations based
on the results [14], as shown in Eq. (6).
When 3 < Gz < 1000; 0 < q� 6 20;

NuWorsoe-schmidt ¼ 4:36þ 0:025q�
1
2ðGz� 3ÞðGz� 20Þ

Gz3=2 ;

when Gz < 3; NuWorsoe-schmidt ¼ 4:36:

ð6Þ
2.1.3. Churchill (1988)
Churchill presented a correlation for laminar mixed convection

by combining a free convection correlation with a forced convec-
tion correlation for the uniform heat flux case [15]. The correlation
was tested against Hallman’s data and some numerical results,

Nu6
Churchill ¼ Nu6

F þ Nu6
N; where NuF ¼

48
11
� 4:364;NuN

¼ 0:846ðRadTb=dxÞ1=4 ¼ 0:846
Grq

4Re

� �1=4

: ð7Þ
2.2. Buoyancy-induced DTHT (mixed convection)

In this section, forced convection Nusselt numbers (NuF) will be
calculated from the Gnielinski correlation [16] (Eq. (8)), even
though the original correlations for mixed convection were devel-
oped from different forced convection correlations. Since most
general forced convection correlations overlie each other within
a few percent, the differences between the original correlation
and the Gnielinski-based correlation will be small.

NuGnielinski ¼
ðf=8ÞðRe� 1000ÞPr

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ

Tw

Tb

� ��0:45

1þ L
D

� ��2=3
 !

;

where f ¼ ð1:82log10Re� 1:64Þ�2
: ð8Þ
2.2.1. Petukhov and Polyakov (1988)
From their theoretical development, which was summarized

previously, a semi-empirical correlation was developed in [4].
The claimed validity of the correlation is for a Reynolds number
above 3000, heat flux-based Grashof number below 1011 and L/D
longer than 40. The correlation was tested against experimental
data from other literature sources.

NuPetukhov-Polyakov ¼
f
8

RePr
1þ 0:83e2

1þ 0:042e2 E1=4log10ðRe=8Þ
h i�1

2
64

þ 12:7

ffiffiffi
f
8

r
Pr2=3 1þ 0:72e3ð1þ 0:28

ffiffiffi
e
p
Þ

1þ 0:43e4

� ��

�1þ 0:58e2

1þ 0:83e2

�375
�1

; ð9Þ

where

e ¼ 103Grq

Re2:75Pr
; f ¼ 1þ 0:83e2

1:82log10ðRe=8Þ þ 0:076e2E�0:25

" #2

:

2.2.2. Jackson, Cotton and Axcell (1989)
In a 1989 review paper on mixed convection in a vertical chan-

nel, Jackson, Cotton and Axcell summarized the large body of re-
search work performed in the area until then [17]. Eq. (10) gives
the correlation that was suggested in their review. Experimental
data with water, air, mercury and supercritical carbon dioxide
were presented and the range of buoyancy parameters (Bo*) ex-
tends from 10�7 to 10�2. The correlation is discontinuous near
Bo* � 3 � 10�6 and the correlation form is implicit.

NuJackson

NuF
¼ 1� 8� 104Bo�

ðNuJackson=NuFÞ2

 !0:46

: ð10Þ
2.2.3. Vilemas, Poskas and Kaupas (1992)
Vilemas, Poskas and Kaupas developed an empirical correlation

for air in the mixed convection regime [18]. The data range covered
Rein numbers from 3000 to 50,000, qþin from 0.00035 to 0.0024 and
a new buoyancy parameter (Eq. (11)) from 8 � 10�6 to 3.37 � 10�3

(inlet values). It should be noted that this correlation is discontin-
uous in the area of Kin2 < Kin < Kin3 due to high sensitivity of the
flow to small changes in the buoyancy parameter. Therefore, when
we evaluate the Nusselt number in this region for comparison to
the data we will use their correlation from Kin1 < Kin < Kin2 as an
approximate value.

K ¼ Grq

4Re3Pr
; ð11Þ
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when K in < K in1NuVillemas ¼ NuF;

when K in1 < K in < K in2 NuVillemas ¼
NuF

0:98þ 0:54K0:25
in ðx=DÞ0:975 ;

when K in2 < K in < K in3 not available;
when K in3 < K in

if 0 < x=D < xmin=D;

NuVillemas ¼ NuF

�
11:3K1=3

in þ ð5:39� 10�9

þ5:12� 10�4 lnðK inÞÞ
x
D
� xmin

D

� 	2


;

if xmin=D 6 x=D 6 xmax=D;

NuVillemas ¼ NuF 11:3K1=3
in þ ð3:865� 10�9

h
þ3:672� 10�4 lnðK inÞÞ

x
D
� xmin

D

� 	i
;

if xmax=D < x=D; NuVillemas

¼ NuF 14:5K1=3
in � 3:555K0:92

in qþ0:26
in

x
D
� xmax

D

� 	0:46
� 


;

where K in1 ¼ 2 to 4� 10�6; K in2 ¼ 2:5� 10�5;

K in3 ¼ 1:5� 10�3qþ0:45
in ; xmin=D ¼ 5:19þ 0:0059=K0:9

in ;

xmax=D ¼ 8:8þ 0:063=K0:7
in : ð12Þ
Fig. 1. Comparison of correlation by Worsøe-Schmidt to the helium data.
2.2.4. Celeta et al. (1998) and Aicher and Martin (1996)
Celeta et al. [19] combined the results of Aicher and Martin’s

[20] with those of Jackson and Hall [5] to produce a new correla-
tion. When Aicher and Martin were developing their correlation,
they introduced a new idea, which was not recognized in earlier
studies. They correlated the upward heated flow Nusselt number
with the downward heated flow Nusselt number to develop a
smooth functional form. This idea was adopted by Celeta et al.;
they modified the form of Aicher and Martin to fit their own data
better and included an axial effect, which had been mentioned
by Aicher and Martin but was not included in their correlation. Cel-
eta et al. utilized the buoyancy parameter Bo*, developed by Jack-
son and Hall, as their governing non-dimensional number. Eq.
(13) is their correlation. Celeta et al. originally developed their cor-
relation by using the Dittus–Boelter correlation with a correction
factor for the water properties variation as a forced convection
Nusselt number. Within this study, we will use the Gnielinski cor-
relation [16] with the correction factor for gas properties variation
as our NuF instead when we evaluate the Celeta et al. correlation.
The limitation of the correlation is not explicitly described in the
paper by Celeta et al. However, their experimental data cover Rey-
nolds numbers from 800 to 23,000, buoyancy parameters
Bo* < 0.156 and L/D < 60.

NuCeleta ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nu2

F þ Nu2
N

q (
1� 0:36þ 0:0065

x
D

� 	

� exp �0:8 ln
8� 104Bo�

869ðx=DÞ�2:16

 !)
; ð13Þ

where

NuF ¼
ðf=8ÞðRe� 1000ÞPr

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ

Tw

Tb

� ��0:45

;

NuN ¼
0:15ðGrDT;wPrwÞ1=3

1þ ð0:437=PrwÞ9=16
� 	16=27 :

The subscript ‘‘w” indicates that properties are evaluated at the wall
temperature.
3. Data comparison to earlier correlations

Since details of the experimental facility and the data can be
found in [1–3,21], they are not repeated in this paper. Before pre-
senting these comparisons, an indicator will be defined to measure
the degree of agreement between a correlation and the experimen-
tal data. The ‘‘R-square” is a statistical quantity, which is defined as
a ratio of the sum of squares of the regression (SSR) to the sum of
squares about the mean (SST). The R-square is defined as the first
definition in Eq. (14). The second definition in Eq. (14) can be de-
rived from the first, when the sum of the errors due to the regres-
sion (SSR) is equal to the difference between SST and SSR. This
condition holds only when the data are regressed via the least
mean square method. However, since the correlations that we
are testing can be approximated as a result of the regression of
the data, the second definition is used in our study. The symbol
NuEXP is defined as the mean value of the measured Nusselt num-
ber for a specified heat transfer regime and N is the total number
of data in that regime,

R2 ¼
PN

i¼1ðNuCorrelation;i �NuEXPÞ2PN
i¼1ðNuEXP;i �NuEXPÞ2

¼ 1�
PN

i¼1ðNuCorrelation;i �NuEXP;iÞ2PN
i¼1ðNuEXP;i �NuEXPÞ2

:

ð14Þ

Only the best performing correlation will be shown on a com-
parison figure. These figures have as the X-axis the prediction of
the correlation and as the Y-axis the measured Nusselt number.
The more data that are concentrated near Y = X line, the better
is the performance of the correlation and the value of the two indi-
cators becomes closer to unity.

First, we will only compare the mixed convection laminar data
to the correlations (i.e., Eqs. (5)–(7)). Fig. 1 shows the performance
of the best fitting correlation, ‘‘Worsoe-Schmidt”. All three correla-
tions have negative values of R-square, which means the predic-
tions of the mixed convection laminar correlations available in
the literature are not satisfactory in comparison to our gas exper-
imental data. This discrepancy is mostly because these correlations
were based on water experiments and are not necessarily meant to
fit the mixed convection laminar ‘‘gas” flow. However, it is surpris-
ing that the correlations of Worsøe–Schmidt do not agree with the
data even though the numerical analyses were performed with gas
properties and the data were within the numerical analyses range.
This disagreement may be due to the relatively higher uncertainty
(�25%) in the helium measurement compared to the data from
other gases (below 10%) (nitrogen and carbon dioxide) [1].



Fig. 2. Comparison of correlation by Celeta et al. to the turbulent data.

Fig. 3. Performance relative to Gr2
q=Re for laminar mixed convection.
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Table 1 summarizes the comparison to the data in terms of R-
square for all the data in turbulent and DTHT heat transfer regimes
separately. Examining the table, one sees that the best existing cor-
relation in terms of R-square is the one by Celeta et al. Fig. 2 pre-
sents the comparison results for this correlation. Surprisingly,
their correlation performs better in the acceleration driven DTHT
regime than in the buoyancy driven DTHT regime (see Table 1).
However, there is a problem with it, since the correlation was
developed for a shorter test section (L/D � 60) than our experimen-
tal apparatus (L/D � 115), the predicted Nusselt number is much
smaller (even smaller than the forced convection laminar Nusselt
number of about 4.36) than the measured value in the buoyancy
induced DTHT regime when x/D exceeds the range of their exper-
iment. Another reason is possibly due to the characteristic of gas
flow; ‘‘re-turbulizing” cases did not occur with water experiments,
since gas and water property variations differ [21]. Therefore, their
correlation can underpredict the heat transfer coefficient in certain
situations when it is applied to gases.

Since gases have different directions for property variations
with temperature compared to liquids or supercritical fluids, as
was demonstrated in [21], most of the DTHT correlations that were
developed with liquids or supercritical fluids tend to overpredict
the Nusselt number, except for that of Celeta et al. However, Celeta
et al. underpredict the heat transfer coefficient for ‘‘re-turbulizing
flow”. In addition, since their correlation involves properties based
on the wall temperature when estimating the free convection Nus-
selt number (see Eq. (13)), it is not easy to apply for estimating the
wall temperature. Therefore, a new correlation that can success-
fully fit the gas DTHT regime with a reasonable agreement to the
laminar, transition, turbulent and DTHT heat transfer data is desir-
able. In addition, the requirement for wall temperature informa-
tion should be minimized to simplify the calculation.

4. Development of new correlations

The features desired for a new correlation are as follows: (1) It
should reflect the physical phenomena. (2) Most of the physical
properties should be evaluated at the bulk temperature. (3) It
should have an explicit form to minimize iterations. (4) It should
cover all heat transfer regimes including the laminar, turbulent
and DTHT as well as mixed convection laminar.

In the non-dimensional Navier–Stokes equations (refer to Eq.
(2)), the parameter which represents the buoyancy effect is Grq/
Re2 (also called the Richardson number) for cases with specified
wall heat flux. Fig. 3 shows the correlation between this parameter
and the ratio of NuEXP to the Nusselt number predicted by Eq. (15)
for forced convection laminar heat transfer correlation shown in
Eq. (15) (Refs. [1 and 7] discuss this prediction further). It can be
observed from Fig. 3 that the ratio of the measured to predicted
Nusselt number correlation agrees well with the Grq/Re2

parameter. Therefore, Grq/Re2 was selected for correlating the
non-dimensional parameter for buoyancy effect in laminar
mixed-convection,
Table 1
R-square values for various existing and new correlations

Correlation/Regime All Turbulent Bo

Petukhov (Eq. (9)) 0.8873 0.9489 �1
Jackson (Eq. (10)) 0.9330 0.9326 0
Vilemas (Eq. (12)) 0.4917 0.2009 �0
Celeta (Eq. (13)) 0.9405 0.9323 0
New (Type-1) 0.9602 0.9338 0
New (Type-2) 0.9763 0.9637 0
New (Type-3) 0.9512 0.9203 0
NuLaminar ¼
1

Nu1
� 1

2

X10

m¼1

expð�c2
mxþÞ

Amc4
m

 !�1

;

where Nu1 ¼ 4:364; xþ ¼ 2x=D
RePr

; cm ¼ 4mþ 4
3
;

Am ¼ 0:4165c�7=3
m : ð15Þ

Regarding correlation development for the DTHT regimes, the DTHT
correlation should diverge from the forced convection correlation
when certain criteria are met, as one can observe from the trends
* DTHT Kv DTHT Transition Laminar

.3321 �2.0029 �3.3808 N/A

.0858 0.7098 0.6711 N/A

.4386 �0.4416 �0.0787 N/A

.3425 0.7097 0.7059 N/A

.8811 0.8710 0.8096 0.8911

.8813 0.9032 0.6864 0.8911

.8151 0.9320 0.7873 0.8911
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of experimental data (see also [1–3] for more information). A func-
tional form for the DTHT regimes with such characteristics can be
obtained by revising the constant in the Gnielinski correlation, as
demonstrated in Eq. (16). This technique follows the Gnielinski ap-
proach [16] to correlate the data better, near the laminar to turbu-
lent transition,

NuGnielinsky ¼
ðf=8ÞðRe� 1000ÞPr

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ

Tw

Tb

� ��0:45

1þ x
D

�2=3
� �

! NuNEW ¼
ðf=8ÞðRe� FðXÞÞPr

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ

Tw

Tb

� ��0:45

1þ x
D

�2=3
� �

: ð16Þ

If F(X) differs from 1000 and can be related to a non-dimensional
number (X) which captures the key physical phenomena for a par-
ticular case, then one can expect that the predicted Nusselt number
will behave as the experimental data do. Since the DTHT in the cur-
rent data is due to the buoyancy and/or acceleration effects, rele-
vant non-dimensional parameters for F(X) are selected to be the
buoyancy and acceleration parameters.

Another desirable feature for the new correlation is that the con-
dition for determining each regime (laminar, turbulent, DTHT and
so forth) is based on logical inlet non-dimensional numbers, such
as the Reynolds number, buoyancy and acceleration parameters. A
comparable approach for determination of regime change can be
found in the work of Vilemas et al. (see Eq. (12)). This treatment is
useful because the Reynolds number and the buoyancy and acceler-
ation parameters all have maximum values at the inlet of the heated
section.1 Therefore, in this case the heat transfer regime is mainly
governed by the inlet values of the dimensionless numbers and the
correlation may be chosen based on the same criteria. This scheme
is also consistent with the heat transfer regime map developed in
[1–3]. The inlet thresholds for re-turbulization and the buoyancy dri-
ven and acceleration driven DTHT are already discussed in [1–3].

However, since re-turbulization occurs in the middle of the
channel [1–3] and the slope of Nu(Re) with distance changes after
the re-turbulization point, a second re-turbulization threshold has
to be deduced in terms of the local buoyancy parameter. This is be-
cause re-turbulization occurs when turbulent heat transport near
the wall increases downstream in a heated channel where the
buoyancy force decreases below a certain limit. It was observed
that most cases begin to recover to normal turbulent heat transfer
after the local buoyancy parameter decreases below Bo* � 6 �
10�7. This condition will be used for developing the correlation
and further dividing the heat transfer regimes.

The basic procedure for developing this correlation starts by
correlating F(X) to an appropriate non-dimensional number for
each regime with a test function as seen in Eq. (17). Two functional
forms are tested to minimize the number of coefficients to deter-
mine the fit to experimental data. The coefficients C1 and C2 are
to be obtained by matching the data and X is the governing non-
dimensional number for each regime

FðXÞ ¼ C1ðXÞC2 and=or FðXÞ ¼ C1log10ðC2XÞ: ð17Þ

Since the governing non-dimensional numbers (the buoyancy and
acceleration parameters) vary by orders of magnitude while the
function response range is much smaller, the exponential power
law and logarithmic form were chosen. These two functional forms
provide an advantage over other forms, such as polynomial forms,
as they can accommodate large variation of a variable while yield-
ing a small functional response.

After an extensive search and fitting procedure to identify
appropriate values C1 and C2 that would correlate best with the
1 This holds for gas flow only, since the viscosity of gas increases with temperature
while that of water decreases, leading to increased Reynolds number along the heated
section in the case of water [9].
data for each heat transfer regime, a set of correlations that covers
forced convection laminar, mixed-convection laminar, turbulent,
acceleration driven DTHT, re-turbulizing buoyancy driven DTHT
and non-returbulizing buoyancy driven DTHT regimes was devel-
oped. In these correlations all non-dimensional numbers are eval-
uated at the bulk temperature. It is noted that forced laminar
Nusselt number (NuLaminar) is calculated from Eq. (15) and the
mixed convection laminar regime remains the same for all three
sets of correlations.

Type-1 correlation set
If Rein 6 2300 (Mixed convection laminar and forced convection

laminar)

NuTYPE1-Laminar ¼max 1;3:0
Grq

Re2

� �0:11
 !

NuLaminar:

If Kvin
< 2:5� 10�6, Bo�in < 2:0� 10�6 and Rein > 2300

(Turbulent)

NuTYPE1 ¼
ðf=8ÞðRe� 1000ÞPr

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ

Tw

Tb

� ��0:45

1þ x
D

�2=3
� �

¼ NuGnielinsky:

If Kvin P 2:5� 10�6, Bo�in < 2:0� 10�6 and Rein > 2300 (Kv DTHT)

NuTYPE1-temp ¼
ðf=8ÞðRe� 0:185K�2=3

v ÞPr

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ

Tw

Tb

� ��0:45

1þ x
D

�2=3
� �

:

If Kvin < 2:5� 10�6, 3:5� 10�6 > Bo�in P 2:0� 10�6 and Rein > 2300
If Bo* P 6.0 � 10�7 (Re-turbulizing Bo* DTHT before re-turbuli-

zation point)

NuTYPE1-temp¼
ðf=8ÞðRe�1:45�10�7Bo��1:7ÞPr

1þ12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3�1Þ

Tw

Tb

� ��0:45

1þ x
D

�2=3
� �

:

If Bo* < 6.0 � 10�7 (Re-turbulizing Bo* DTHT after re-turbuliza-
tion point)

NuTYPE1-temp¼
ðf=8ÞðRe�8:34�107Bo�0:69ÞPr

1þ12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3�1Þ

Tw

Tb

� ��0:45

1þ x
D

�2=3
� �

:

If Kvin
< 2:5� 10�6, Bo�in P 3:5� 10�6 and Rein > 2300 (Non-retur-

bulizing Bo* DTHT)

NuTYPE1-temp ¼
ðf=8ÞðRe� 79:4Bo��0:28ÞPr

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ

Tw

Tb

� ��0:45

1þ x
D

�2=3
� �

;

NuTYPE1 ¼maxðNuTYPE1-temp;NuLaminarÞ;

where f = (1.82log10Re � 1.64)�2 when Rein P 2300.
Performance of the Type-1 correlation set is shown in Fig. 4.
For the DTHT and laminar convection regimes, a few character-

istics of the correlation should be discussed. First, since the deteri-
orated turbulent heat transfer coefficient cannot be lower than the
forced laminar convection, the DTHT regime heat transfer coeffi-
cient is the maximum between the modified Gnielinski correlation
and the forced laminar convection correlation. This requirement
provides a lower bound for the correlation. A heat transfer correla-
tion for the transition regime is not developed separately since we
were not able to identify governing parameters in the laminar to
turbulent flow transition successfully.

For laminar mixed-convection, a multiplier to the forced con-
vection laminar correlation was developed with the governing
non-dimensional number, Grq/Re2. The power and the leading coef-
ficients are also determined from empirical curve fitting. The mul-
tiplication factor is the maximum value between unity and the
function developed to provide a lower bound to the correlation.
Therefore, the correlation can cover both the forced convection
laminar and the mixed-convection laminar cases.



Fig. 5. Performance of Type-2 correlation set.Fig. 4. Performance of Type-1 correlation set.

2 This relation provides linear interpolation between the laminar friction factor at
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The term (Tw/Tb)�0.45 in the original Gnielinski form makes pre-
diction of the heat transfer coefficient and wall temperature diffi-
cult, since it requires iteration on an unknown wall temperature.
To avoid the iteration, another set of correlations with the term
(Tw/Tb)�0.5, which allows one to solve for wall temperature analyt-
ically, was developed. The friction factor that is used for the Gnielin-
ski correlation is valid only for Re > 10,000 (Filonenko correlation).
Therefore, the friction factor needs to be reconsidered when the
Gnielinski correlation is applied to Re < 10,000. The turbulent Bla-
sius friction factor is commonly used for lower Reynolds numbers
and is valid for Re > 4000. For a Reynolds number between 4000
and 2300 the friction factor will be estimated by interpolation be-
tween the Blasius friction factor at 4000 and the laminar friction
factor at 2300. The following set of correlations is called the Type-
2 correlation. The power law of the governing non-dimensional
numbers fitted better in the Type-1 correlation while the logarith-
mic function of the governing non-dimensional number performed
better in the Type-2 concept. Again the transition regime was not
separated and the laminar correlation is the same, since it does
not include a temperature ratio multiplier. Even though the itera-
tion for estimating wall temperature is eliminated, dividing into
many heat transfer regimes and having a separate correlation for
each regime is still complicated for engineering applications.

Type-2 correlation set
If Kvin < 2:5� 10�6, Bo�in < 2:0� 10�6 and Rein > 2300

(Turbulent),

NuTYPE2 ¼
ðf=8ÞðReþ 500ÞPr
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ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ
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� �

:

If Kvin
P 2:5� 10�6, Bo�in < 2:0� 10�6 and Rein > 2300 (Kv DTHT),

NuTYPE2-temp ¼
ðf=8Þ½Re� 3500log10ð3:8� 105KvÞ�Pr
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f=8

p
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� Tw
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D
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:

If Kvin
< 2:5� 10�6, 3:5� 10�6 > Bo�in P 2:0� 10�6 and Rein > 2300,

If Bo* P 6.0 � 10�7 (Re-turbulizing Bo* DTHT)

NuTYPE2-temp ¼
ðf=8Þ½Reþ 6500log10ð4:3� 105Bo�Þ�Pr

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ
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Tb

� ��0:5
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:

If Bo* < 6.0 � 10�7 (Re-turbulizing Bo* DTHT),

NuTYPE2-temp ¼
ðf=8Þ½Re� 3900log10ð2� 107Bo�Þ�Pr
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:

If Kvin < 2:5� 10�6, Bo�in P 3:5� 10�6 and Rein > 2300 (Bo* DTHT),

NuTYPE2-temp ¼
ðf=8Þ½Reþ 2000log10ð1:6� 104Bo�Þ�Pr
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ffiffiffiffiffiffiffiffi
f=8

p
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;

NuTYPE2 ¼maxðNuTYPE2-temp;NuLaminarÞ:
If Re P 10,000 f = (1.82log10Re � 1.64)�2 (Filonenko),

If 10,000 > Re P 4000 f = 0.314/Re0.25 (Blasius),
If 4000 > Re P 2300 2 f = 0.012 + 6.86 � 10�6Re,
If 2300 > Re f = 64/Re.

Performance of the Type-2 correlation set is shown in Fig. 5.
The Type-3 correlation, discussed below, utilizes a new non-

dimensional number that combines the acceleration and the buoy-
ancy effects. The basic idea is finding the best ratio between the
non-dimensional heat flux (q+) and the Reynolds number, since
both the acceleration and buoyancy effects can be expressed as a
combination of these two dimensionless numbers [1]. The new
heat transfer regime map, presented in [1–3], uses q+ and the
Reynolds number as the main non-dimensional parameters and
successfully separates each regime. Therefore, finding one non-
dimensional number, which is a combination of q+ and the
Reynolds number with an appropriate relationship, to capture both
acceleration and buoyancy effects is a reasonable approach to fur-
ther simplify the correlation.

The resulting non-dimensional number is q+/Re0.44, which was
found to provide the best ratio for correlating the data. This param-
eter shifts the buoyancy induced DTHT and the acceleration in-
duced DTHT data in such a way that they overlap each other.
Thus, the new number makes it possible to correlate both effects
e = 2300 and the Blasius friction factor at Re = 4000.
R
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with a single number and to derive a simplified correlation. We
will call this new non-dimensional number a ‘‘DTHT” number in
order to distinguish it from the property dimensionless group,
which was developed in [1–3] when the buoyancy parameter
was being re-arranged as a combination of the non-dimensional
heat flux, Reynolds number and property group.

Another advantage of the Type-3 correlation is that interference
between the acceleration effect and the buoyancy effect is auto-
matically addressed by using only one non-dimensional number.
The flow regime that overlaps between the buoyancy induced
DTHT and the acceleration induced DTHT was not covered in our
experiments, thus the regime is still not well defined. Since most
literature deals with only one effect at a time, the DTHT regime
with overlapping acceleration and buoyancy effects is a new re-
gime that requires further attention. In the meantime, the DTHT
number avoids this problem to some extent, as both effects are in-
cluded in one non-dimensional number. The following set of equa-
tions depicts the Type-3 correlation. The friction factor was
calculated with Filonenko’s correlation for simplicity, while the
non-iterative form of Gnielinski correlation with (Tw/Tb)�0.5 is used
for the normal turbulent heat transfer.

Type-3 correlation set
If Kvin

< 2:5� 10�6, Bo�in < 2:0� 10�6 and Rein > 2300
(Turbulent)

NuTYPE3 ¼
ðf=8ÞðRe� 1000ÞPr
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p
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D
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:

If Kvin P 2:5� 10�6 or Bo�in P 2:0� 10�6 and Rein > 2300 (DTHT)

NuTYPE3-temp ¼
ðf=8Þ Re�0:011 qþ
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;

NuTYPE3 ¼maxðNuTYPE3-temp;NuLaminarÞ:

Performance of the Type-3 correlation set is shown in Fig. 6.
Table 1 also shows the performance of the new correlations.

Compared to the other four mixed convection laminar relations,
the laminar correlation agrees with the experimental data more
successfully. However, as mentioned before, more experimental
data for the mixed convection laminar regime will be required to
increase confidence in the correlation developed in this paper. Fu-
ture experiments should be performed with test sections of appro-
Fig. 6. Performance of Type-3 correlation set.
priate diameter and gases other than helium, such as nitrogen or
carbon dioxide at low flow rates, to operate in the laminar flow
regime.

Overall, the Type-1 and Type-2 correlations (Figs. 4 and 5) per-
form best over all heat transfer regimes and Type-3 (Fig. 6) shows
satisfactory performance as well. Comparing the three new corre-
lations against the best performing existing correlation, e.g., the
correlation of Celeta et al., it is clear that all new correlation sets
perform better in all regimes. Therefore, it is concluded that all
three correlation sets can predict gas heat transfer coefficients bet-
ter than the existing correlations.

A limitation in the use of these correlations is to stay within the
range covered in the experiments, since the correlations were
developed from the data presented in [1–3] only. It would be desir-
able to broaden the range of data by using more existing archival
data. However, the gas heat transfer experiments presented in
the literature are limited. Furthermore, much of the available data
in these regimes were taken with water and supercritical fluids,
which should not be included since water and supercritical fluids
have different property variations than gases [21], resulting in dif-
ferent streamwise variation of the governing parameters.

Other restrictions for applying the correlation sets developed
are: (1) The interference between the acceleration effect and the
buoyancy effect is not fully covered for the cases where the oper-
ating conditions are above both the acceleration threshold and
the buoyancy threshold at the same time. The relative influences
of the buoyancy effect and the acceleration effect on turbulent flow
are not fully treated yet. More experimental data and theoretical
development should be followed to further understand this com-
plex regime. Some theories, such as that presented by Petukhov
and Polyakov [4], cover both effects at the same time but the
authors implied that their theory can explain this regime only
within a limited range. (2) Since there is a potential for having dif-
ferent governing physical phenomena depending on geometrical
conditions, great caution should be exercised when using the cor-
relation set in applications that exhibit significant differences in
geometry of the heated section from this experimental facility.
The gas heat transfer data in the DTHT regimes showed that fully
established, turbulent heat transfer was rarely observed under
our experimental conditions even though our test section has a rel-
atively large heated length (up to L/D � 115). Since the quasi-
developed region, where the local parameters alone can success-
fully describe the turbulent behavior, is rarely observed in the
DTHT cases, the sensitivity of the turbulent flow structure to the
geometry of the channel and the upstream conditions is stronger
for the DTHT flow than the normal fully developed turbulent flow.
5. Summary

The recent data presented in [1–3], which covered the mixed
convection laminar, turbulent, buoyancy driven DTHT and acceler-
ation driven DTHT regimes, were compared to existing correla-
tions. The mixed convection laminar correlations selected did not
agree well with our data in this regime. However, the non-dimen-
sional number (=Grq/Re2), selected in this paper as a key parameter
for the mixed-convection laminar heat transfer regime, led to a
reasonable correlation of the helium data in [1–3].

For the forced turbulent and the DTHT regimes, the correlation
by Celeta et al. performed the best among the existing correlations.
However, it sometimes underpredicts the heat transfer coefficient
due to the limited L/D range of the database and the differences in
the characteristics of operating fluids (water vs. gas). Therefore, to
design gas heat transfer systems that operate in these regimes with
confidence, it was necessary to develop a new correlation that can
cover the turbulent and DTHT regimes better.
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The approach adopted in this paper is to use the Gnielinski cor-
relation, which is widely recommended for turbulent convection,
and to modify its constants by an empirically fitted function that
accounts for the physical phenomena that drive the DTHT regimes.
Thus, the function depends on the buoyancy parameter or the
acceleration parameter, in accordance with the operating heat
transfer regime. Three sets of correlation sets have been developed.
Type-1 and Type-2 sets correlate the data more accurately but are
rather complex, since they are divided into many sub-regimes. The
Type-3 correlation set has the simplest form, which was made pos-
sible through the development of a new non-dimensional number,
designated as the ‘‘DTHT” number. This ‘‘DTHT” number success-
fully captures both the buoyancy and acceleration effects and sim-
plifies the correlation form while maintaining reasonable accuracy
as shown in Table 1 and Fig. 6. All of the new correlation sets are
valid over our range of experimental data: (1) inlet Reynolds num-
ber above 1800 (2) inlet Bo* to 1 � 10�5 and (3) inlet Kv to 5 � 10�6.
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