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a b s t r a c t

The major focus of this paper is to present experimental data, collected for three gases – nitrogen, helium,
and carbon dioxide, at the deteriorated turbulent heat transfer (DTHT) regime in gas up-flow with near
uniform heat flux. The data were collected for a range of (1) inlet Reynolds number from 1800 to 42,700,
(2) inlet buoyancy number Bo* up to 1 � 10�5and (3) inlet acceleration parameter Kv up to 5 � 10�6.
Based on the new experimental data, the traditional thresholds for the DTHT regimes are updated, and
a new heat transfer regime map is proposed and compared to the existing experimental data.

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

The characteristics of convective heat transfer start to depart
from the forced convection theory and the traditional correlations
when the applied heat flux is high enough to affect the flow pat-
tern. High heat flux usually induces a change in the transport prop-
erties of a fluid, such as the viscosity and thermal conductivity, and
also lowers the fluid density. Multiplication of the forced convec-
tion correlation by the wall-to-bulk temperature ratio with an
appropriate power is typically sufficient to account for the varia-
tion of transport properties due to heating. In contrast, a stream-
wise density variation, which can be significant in gas flow, can re-
sult in more complex phenomena.

The first major phenomenon is a buoyancy effect. The buoyancy
effect on the flow varies with the flow orientation and heating
direction (from wall to fluid or from fluid to wall). This study will
address only upward heated flow (from wall to fluid) since this is
the situation in a gas cooled fast reactor cooling channel, which
was the main focus of this research. More details of the gas cooled
fast reactor system can be found in Refs. [1,2].

The buoyancy effect can alter the heat transfer characteristics of
both laminar and turbulent flows. In laminar flow, the buoyancy
force produces a steeper velocity gradient near the heated wall
than in the normal forced flow, resulting in more pronounced heat
convection near the wall. Typically such a situation where a strong
buoyancy force is acting on the forced convection flow is called the
‘‘mixed convection” regime.
ll rights reserved.

: +1 617 258 8863.
In contrast to laminar flow, turbulent flow shows more compli-
cated behavior with respect to the buoyancy effect. The buoyancy
force accelerates the flow near the wall more than the bulk flow,
thus altering the normal turbulent velocity profile. The shear stress
on the fluid elements near the boundary between the wall and the
turbulent core decreases due to the velocity profile modification,
and reduction of turbulence generation follows reduction of the
shear stress. Therefore, the turbulent heat transport is ‘‘deterio-
rated” [3]. The resulting governing non-dimensional number that
was developed in Ref. [3] is called the buoyancy parameter, Bo*,
and is defined in Eq. (1). All non-dimensional numbers in Eq. (1)
are evaluated at the local bulk temperature.

Bo� ¼ Grq

Re3:425 Pr0:8 ð1Þ

An acceleration effect is the second phenomenon induced by a
fluid density change. As the fluid bulk temperature along the
heated channel increases, the gas density is reduced. The fluid den-
sity decrease is accompanied by bulk velocity rise to satisfy conti-
nuity of mass, resulting in the stream-wise acceleration of the flow.
The stream-wise flow acceleration, which corresponds to a favor-
able pressure gradient, decreases the turbulence of the flow [4].
The turbulent flow behaves more like a laminar flow (sometimes
the term ‘‘laminarization” is used) and the turbulent heat transfer
capability can decrease drastically.

The flow acceleration was well studied in converging channels,
where the mean velocity of the flow is forced to increase due to the
decrease in the flow area [4]. A strongly heated flow exhibits
behavior similar to the converging channels. The condition for
measuring the importance of this effect is given in terms of the
acceleration parameter in the converging channel case (the first
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Nomenclature

Bo* buoyancy parameter = Grq/Re3.425 Pr0.8

cp specific heat at constant pressure (J/kg K)
D pipe diameter (m)
G mass flux (kg/m2 s)
g gravitational acceleration (m/s2)
Grq Grashof number based on heat flux ¼ gbq00wD4=km2

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)
_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)

Re Reynolds number = UbD/m
T temperature (K)
U velocity (m/s)
x axial direction and distance (m)

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
th threshold
w wall
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part of Eq. (2)). According to Ref. [5], the acceleration parameter
can be approximated by the ratio of non-dimensional heat flux
over the Reynolds number when it is applied to strongly heated
flow cases (the second part of Eq. (2)). The approximation was ob-
tained by applying an energy balance and continuity equation with
perfect gas and constant cross-section assumptions to the original
definition of Kv. All the non-dimensional numbers in Eq. (2) are
evaluated at the bulk temperature.

Kv ¼
m

U2
b

dUb

dx
� 4qþ

Re
ð2Þ

The threshold values for the buoyancy and acceleration effects
to cause a transition from the normal turbulent heat transfer to
the deteriorated turbulent heat transfer (DTHT) regime have been
reported to be Bo* � 6 � 10�7 and Kv � 3 � 10�6, respectively [6].
The regime, where normal turbulent convective heat transfer is
hindered by either of these two phenomena, thereby reducing
the fluid heat transfer capability, is called the DTHT regime. Even
though the onset of this regime due to the acceleration or buoy-
ancy effect is reasonably well defined, the heat transfer coefficient
values and correlations in these regimes are still under discussion.
Detailed reviews of the literature on mixed convection and transi-
tion heat transfer regimes and the heat transfer correlations, are
provided in Refs. [7,8].

Conditions for DTHT can be encountered in a nuclear system
during an anticipated transient. In particular, the Generation IV
gas-cooled fast reactor (GFR), which is under development in the
US, France, and Japan, has a possibility to operate in the DTHT re-
gime during post-loss-of-coolant accident (LOCA) conditions (see
Refs. [2,9,11]). For example, a block-core configuration [1], which
is one of the GFR design candidates, has the potential to operate
in the DTHT regime or in the transition between the DTHT and nor-
mal forced or laminar convection regimes during LOCA conditions
[2]. As discussed in Ref. [10,11], the dependence of gas thermo-
physical properties on temperature is very different from that of
supercritical fluid and liquid water. Therefore, even though a large
body of experimental data exists for supercritical fluid and liquid
water, it is not appropriate to utilize their data for predicting gas
heat transfer before it is thoroughly examined. Consequently, a
need emerged to expand the gas heat transfer experimental data-
base to aid the general understanding of the DTHT regimes and
the important underlying physical phenomena to be able to devel-
op reliable correlations for the design of the GFR and comparable
systems.

This paper will present data for three different gases, namely:
nitrogen, helium and carbon dioxide, and finally show a newly pro-
posed heat transfer regime map for the gas heated upward flow in
a circular channel. Since the experimental apparatus is well de-
scribed in Ref. [10], the same is not presented in this paper, except
for the statement that the heated test section has an inner diame-
ter of 15.7 mm and a length of 2 m.

2. Experimental data

The data presented in this paper will be given in non-dimen-
sional forms, as obtained through the data reduction process, ex-
cept for a few cases where the temperature profile can provide
some physical insight. All non-dimensional numbers presented in
this section are evaluated at the local bulk temperature, unless
specifically indicated otherwise. Table 1 briefly summarizes the
operating conditions for all experimental runs. It should be
noted that all three gases were operated far from their critical
points.

Within this work, the heat transfer regimes are defined as
follows:

– The laminar regime and mixed convection laminar regime are
for inlet Reynolds numbers smaller than 2300.

– The transition regime is at an inlet Reynolds number above
2300 but the outlet Reynolds number is below 2300.

– The turbulent regime is for both inlet and outlet Reynolds
numbers above 2300.

– The DTHT regime is for both inlet and outlet Reynolds num-
bers above 2300 and for a reduction in the heat transfer coef-
ficient larger than 20%. Since the forced convection
correlation uncertainties are within ±20% [14], any heat
transfer rate reduced by more than 20% is considered to be
in the DTHT.

The operating flow regimes were the (1) mixed convection lam-
inar, (2) transition from laminar to turbulent, (3) normal turbulent,
(4) buoyancy induced DTHT and (5) acceleration induced DTHT
regimes, as can be seen from comparing Table 1 to the threshold
values for the DTHT in Ref. [6] (Bo* � 6 � 10�7 and Kv � 3 � 10�6).



Table 1
Summary of experimental parameters for all runs

All N2 He CO2

Total number of runs 58 (N2, He, CO2) 20 15 23
Run numbers 1–58 1–20 21–35 36–58
Operating pressure range (MPa) 0.13–0.67 0.13–0.59 0.17–0.40 0.13–0.67
Operating power range (W) 200–2690 291–1989 200–2630 720–2690
Operating volumetric flow rate range (m3/s) 0.19–2.88 � 10�3 0.24–2.88 � 10�3 1.17–2.88 � 10�3 0.19–2.83 � 10�3

Inlet temperature (K) 300–305 �302 �304 �303
Inlet Reynolds number range 1800–42,700 5300–23,600 1800–4500 12,000–42,700
Inlet q+ range 0.0003–0.0039 0.0003–0.0036 0.0003–0.0039 0.0006–0.0022
Inlet Bo* range 3 � 10�9–1 � 10�5 3 � 10�9–6 � 10�6 7 � 10�9–4 � 10�7 1 � 10�8–1 � 10�5

Inlet Kv range 6 � 10�8–5 � 10�6 6 � 10�8–3 � 10�6 4 � 10�7–5 � 10�6 8 � 10�8–8.5 � 10�7

Fig. 1. Summary of all data in Nu–Re plot.
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Fig. 1 depicts the local Nusselt number versus Reynolds number
along with the laminar correlation (Eq. (3)) [4] and the Gnielinski
correlation (Eq. (4)) [14] predictions. Even though 20 thermocou-
ples were attached to the heated section, only 16 data points per
case are shown in Fig. 1. This limitation is because the first and last
two points have relatively larger uncertainties due to axial heat
loss by conduction to the power taps located at each end of the
heated section [12,13]:

NuLaminar ¼
1

Nu1
� 1

2

X1
m¼1

expð�c2
mxþÞ

Amc4
m

 !�1

� 1
Nu1

� 1
2

X10

m¼1

expð�c2
mxþÞ

Amc4
m

 !�1

ð3Þ

where Nu1 = 4.364, xþ ¼ 2L=D
Re Pr, cm ¼ 4mþ 4

3, Am ¼ 0:4165c�7=3
m

NuGnielinski ¼
ðf=8ÞðRe� 1000ÞPr

1þ 12:7
ffiffiffiffiffiffiffiffi
f=8

p
ðPr2=3 � 1Þ

Tw

Tb

� ��0:45

1þ L
D

� ��2
3

 !
ð4Þ

where f = (1.82log10 Re � 1.64)�2.
For the laminar correlation, the sum of the series was stopped at

10 terms, even though theoretical analysis calls for infinite sum-
mation. The value of 10 was selected since the total value changes
by <1% when adding more terms to the summation, a result which
is considered acceptable with respect to correlation uncertainties.
It is also important to note that the Gnielinski correlation range
stops at a local Reynolds number of 2300; but irrespective of the
value of local Reynolds number, the Gnielinski correlation was still
used to predict the Nusselt number if the inlet Reynolds number
was higher than 2300. This scheme was applied to obtain continu-
ous axial heat transfer coefficients inside the heated channel. It is
noted that, due to the entrance effect term in the Gnielinski corre-
lation, multiple Nusselt numbers can exist for the same local Rey-
nolds number. Thus, the Gnielinski correlation in Fig. 1 is not a
single curve. In order to differentiate cases from each other, data
points for the same operating conditions are connected with a line.

Before starting the discussion of which effect is responsible for
inducing the DTHT, the values for each threshold need to be re-
vised to compare both effects reasonably. The acceleration param-
eter threshold identifies when the turbulent flow becomes fully
laminarized and the heat transfer coefficient decreases from the
turbulent flow value to the laminar flow value [6]. The minimum
reduction for the fully acceleration driven DTHT can be calculated
for this case by taking the ratio of the laminar Nusselt number for
constant wall heat flux for fully established conditions (Nu = 4.364)
to the turbulent Nusselt number at the Reynolds number of 2300
(Nu = 7.211 at Pr = 0.7 from Gnielinski correlation), which yields
4.364/7.211 = 0.605. Therefore, the minimum reduction for which
the acceleration parameter exceeded the threshold, would have
been approximately 40%.

In contrast, the buoyancy parameter threshold is typically set at
a point where the measured Nusselt number is reduced from the
forced convection turbulent flow Nusselt number by 5% (Bo* �
6 � 10�7) [6,14]. The buoyancy and acceleration effects are not
treated consistently in the literature as acceleration is only consid-
ered to have significant impact at 40% and higher heat transfer
reductions while a buoyancy driven reduction of only 5% is consid-
ered significant. Moreover, one needs to keep in mind that the
uncertainty of even the well known forced convection correlations
can be about 20% [14]. Therefore, we suggest an increase of the
threshold at which the buoyancy driven laminarization is consid-
ered to have a significant impact on heat transfer so that the effect
is on par with the acceleration effect and is more consistent with
uncertainties of forced convection correlations.

To have a comparable buoyancy parameter threshold to the
acceleration threshold, the buoyancy threshold is redefined as
the buoyancy number that gives the same fractional reduction of
the Nusselt number compared to the acceleration threshold. This
value can be estimated using Jackson’s heat transfer correlation
[15]. Since we adopted the buoyancy parameter developed by Hall
and Jackson and the heat transfer correlation presented in Ref. [15]
is based on their studies, Eq. (5) is chosen to maintain the
consistency.

NuJackson

NuF
¼ 1� 8� 104 Bo�

ðNuJackson=NuFÞ2

 !0:46

ð5Þ

A 40% reduction in the Nusselt number can be obtained by set-
ting the ratio (NuJackson/NuF) to 0.6 in Eq. (5) and then solving for
the equivalent buoyancy parameter threshold which would be
Bo* � 3 � 10�6. Therefore, Bo* � 3 � 10�6 will be taken as a buoy-
ancy DTHT threshold and used for comparing the relative strength
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of the buoyancy effect versus the acceleration effect. Bo* � 3 �
10�6 will be denoted as ‘‘Equivalent” threshold and Bo* � 6 � 10�7

will be denoted as ‘‘Ref.” threshold in this paper.
Figs. 2 and 3 show the ratios of measured over predicted Nusselt

numbers using the Gnielinski correlation versus the buoyancy and
acceleration parameters, respectively. Both thresholds (Ref. [6]
threshold and the equivalent threshold) for the buoyancy induced
DTHT are shown in Fig. 2 while Fig. 3 shows the threshold of the
acceleration induced DTHT from Ref. [6]. The maximum reduction
in the local heat transfer coefficient compared to the Gnielinski cor-
relation is 76% (Run 20). Also, it is noted that neither the buoyancy
nor acceleration parameters, based on local bulk conditions, suc-
cessfully correlates the data in the regions demarcated by the
thresholds.

Table 1 shows that the nitrogen runs (1–20) are all in the nor-
mal turbulent flow heat transfer regime and some high heat flux
runs are in the DTHT regimes, since the buoyancy and acceleration
parameters were above or near the threshold indicated by Ref. [6].
Runs 4, 6, and 17–20 are the runs that operated in the DTHT
regime, while the rest of the nitrogen runs were in the normal
turbulent flow regime.

Figs. 4 and 5 plot the axial temperature profiles of the two DTHT
runs (6 and 17) of interest together with the normal forced
Fig. 2. Summary of data in Nu ratio–Bo* plot.

Fig. 3. Summary of data in Nu ratio–Kv plot.
turbulent heat transfer runs (7 and 16). These runs were chosen
so that the operating pressure would be nearly the same between
Runs 6, 7 and Runs 17, 16.

In Fig. 4, the dotted line, which is indicated as TwG in the legend,
is the predicted wall temperature using the Gnielinski correlation
for the turbulent heat transfer. The measured wall temperature
of Run 6 is significantly higher than the predicted wall temperature
(maximum difference is 98 �C). If we compare measured and pre-
dicted wall temperatures for Run 6 to those of Run 7, Run 6 was
operating in the DTHT regime exhibiting significant reduction in
the heat transfer coefficient. Run 6 was operated at
Kvin
� 3:0� 10�6 and Bo�in � 8:1� 10�7. Considering the previous

discussion on determination of the equivalent buoyancy threshold
(Bo* � 3.0 � 10�6), the deterioration of heat transfer apparently oc-
curred due to the significant acceleration effect rather than the
buoyancy effect.

In Fig. 5, again the dotted line (TwG) is the predicted wall
temperature using the Gnielinski correlation. The measured wall
temperature for Run 17 is significantly higher than the predicted
wall temperature (maximum difference is 199 �C). Such a large dif-
ference between measured and predicted wall temperatures of
Run 17 in comparison to Run 16 is a consequence of significant
reduction in the heat transfer coefficient of Run 17. Thus, Run 17
Fig. 4. Measured and predicted wall temperature profiles from nitrogen Runs 6
and 7.

Fig. 5. Measured and predicted wall temperature profiles from nitrogen Runs 16
and 17.



Fig. 6. Temperature profiles of non-re-turbulizing flow (carbon dioxide Runs 50
and 57).

Fig. 7. Locations of maximum reductions versus inlet buoyancy parameters (shows
both nitrogen and carbon dioxide runs together).
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was operating in the DTHT regime. Since Run 17 had a large Bo*

number, Bo�in � 2:1� 10�6 (�70% of the equivalent threshold
Bo* � 3.0 � 10�6) and Kvin � 1:3� 10�6 (�40% of the threshold
Kv � 3.0 � 10�6), this deterioration is likely caused by the buoy-
ancy effect.

An interesting observation that can be made from Figs. 4 and 5
is that the wall temperature profiles between the acceleration in-
duced DTHT and the buoyancy induced DTHT differ from each
other in these cases. The acceleration effect driven DTHT gradually
laminarizes the turbulent flow downstream until the heat transfer
coefficient reaches the value of laminar heat transfer coefficient at
the end of the test section, while the buoyancy effect driven DTHT
exhibits maximum deterioration in the middle of the channel.
Since the buoyancy parameter decreases along the channel for
the heated gas flow due to the gas thermo-physical properties var-
iation, the buoyancy effect also decreases along the channel. After a
certain reduction of the buoyancy force occurs, the flow regains its
turbulent intensity and approaches the normal turbulent flow. To
describe this phenomenon occurring in a buoyancy driven mixed
convection flow in a heated channel, we adopted the term ‘‘re-tur-
bulization” of the laminarized flow. This phenomenon will be ad-
dressed in more detail when the carbon dioxide data are discussed.

Table 1 shows that the helium runs (21–35) have the potential
for covering the laminar, mixed convection laminar, transition be-
tween laminar and turbulent, turbulent, and acceleration driven
DTHT regimes as we defined them. The actual helium experiments
operated in the mixed convection laminar, transition, turbulent,
and DTHT regimes, as can be seen in Figs. 2 and 3. Runs 28–30 were
in the mixed convection laminar flow regime, Runs 25–27 and 34–
35 were in the transition regime, Runs 21–24 and 31–32 were in
the turbulent regime and finally Run 33 was in the DTHT regime.

It is interesting to note that even though several runs in the
transition flow category (i.e., Runs 25–27 and 34–35) have a stron-
ger acceleration effect than the DTHT runs, their heat transfer coef-
ficient is not reduced more than 20% relative to the Gnielinski
correlation. This may be a consequence of ‘‘turbulization” of lami-
nar flow due to strong heating. It has been documented that the
laminar to turbulent transition can occur at a local Reynolds num-
ber below 2300 in the heated flow where heating causes instability
of the stable flow [8]. Therefore, there could be two competing ef-
fects – the buoyancy force driven ‘‘turbulization” of laminar flow
and the acceleration, which induces the ‘‘laminarization” of the
turbulent flow. If the turbulization process becomes stronger than
the laminarization effect, the convection heat transfer would in-
crease compared to the predicted values. As the turbulence is gen-
erated from the velocity gradient, a steeper gradient between the
wall and the peaks of the double-hump velocity profile typical
for highly heated flow can create a strong flow instability, enough
to maintain the turbulence in spite of the strong stream-wise
acceleration effect. The enhancement of the heat transfer coeffi-
cient in the transition regime, when compared to the Gnielinski
correlation, follows the increase of the buoyancy parameter and
supports this hypothesis, which can be observed in Fig. 2 (Runs
25, 26, 27, 34 and 35).

Figs. 2 and 3 also show that the measured value of the helium
turbulent forced heat transfer coefficient is the highest above the
Gnielinski correlation prediction when both the buoyancy effect
and the acceleration effect are small. This was unexpected and
more data would be needed to check the reproducibility of this
observation and identify what physical phenomena are behind this
unexpected increase.

The carbon dioxide runs (36–58) operated in the forced turbu-
lent and buoyancy induced DTHT regimes, as shown in Table 1.
Runs 52–58 operated in the DTHT regime and the rest of the runs
operated in the normal turbulent forced convection regime. The
temperature profile of the non-re-turbulizing flow is shown in
Fig. 6. Runs 50 (inlet Bo* = 1.77 � 10�6) and 57 (inlet Bo* = 1.11 �
10�5) are compared to illustrate the wall temperature for non-re-
turbulizing flow. Comparing Figs. 5 to Figs. 6, one can conclude that
as the inlet buoyancy parameter increases the wall temperature
peak moves toward the downstream end of the channel in these
cases.

The nitrogen data and carbon dioxide data indicate that the
buoyancy induced DTHT regime can exhibit two temperature pro-
file trends and may need to be further divided into ‘‘re-turbulizing”
and ‘‘non-re-turbulizing” regimes. If we further divide the buoy-
ancy induced DTHT into two sub-regimes, i.e. re-turbulizing flow
and non-re-turbulizing flow, the boundary between the two can
be decided from Fig. 7. Fig. 7 shows the inlet buoyancy number
of DTHT runs with the location of maximum heat transfer reduc-
tion. The value Bo�in ¼ 3:5� 10�6 is identified from Fig. 7 as an
approximate boundary between the re-turbulizing flow and non-
re-turbulizing flow. The re-turbulized runs are defined as those
where the maximum reduction occurred near the middle of the
test section (L/D � 60), and the non-re-turbulized flows are defined
as those where the maximum reduction occurred near the outlet of
the test section (L/D � 110). The apparent threshold of the



Fig. 8. Inlet acceleration parameter versus inlet buoyancy parameter for three gases
with minimum channel Reynolds numbers (outlet) larger than 2300.

3264 J.I. Lee et al. / International Journal of Heat and Mass Transfer 51 (2008) 3259–3266
buoyancy induced DTHT regime also was shifted from Bo�in ¼
3:0� 10�6 (‘‘Equivalent” threshold) to Bo�in ¼ 2:0� 10�6 (‘‘New”
threshold) in Fig. 7, to have a better correlation of these data with
the threshold value.

Fig. 8 is a presentation of normal turbulent and DTHT runs rel-
ative to their inlet buoyancy numbers and the acceleration num-
bers. The figure also shows the original threshold value indicated
in Ref. [6] and the new thresholds identified from the data obtained
at this experimental facility. Figs. 2 and 3 show that using the local
buoyancy number and local acceleration number can be ambigu-
ous for determining the dominant physical effect, while Fig. 8 im-
plies that inlet values can successfully demarcate buoyancy driven
and acceleration driven DTHT for channels with uniform heat flux.
Therefore, the inlet values are chosen to show each effect. The
newly acquired data indicate that the threshold of acceleration dri-
ven DTHT should also be shifted from Kvin

¼ 3:0� 10�6 (‘‘Ref.”) to
Kvin ¼ 2:5� 10�6(‘‘New”) in order to better reflect the gas heat
transfer data.

The maximum measurement uncertainties were within 10%,
other than for the low Reynolds number runs. The low Reynolds
number runs, which were performed with helium, had higher
uncertainties (up to 25%). The reason for the helium low Reynolds
number run having higher uncertainties is due to taking the uncer-
tainties in the gas thermo-physical properties into consideration.
In other words, the uncertainties of measurement devices were
the major source of the total uncertainty most of time, but some
low Reynolds number runs were also appreciably affected by
uncertainties in the gas properties. In short, most nitrogen and car-
bon dioxide runs had low uncertainties (below 10%) and are thus
reliable data. The helium data are more difficult to obtain with high
accuracy due to a small wall-to-bulk temperature differences (due
to the high helium conductivity) and small flow rates. Neverthe-
less, they had relatively low uncertainties; below 15% for most of
the runs and only one run reaching 25%.

3. Proposed gas heat transfer map for heated gas up-flow
through circular channels

The heat transfer regime map has been under continuous
development by various investigators since the work of Metais
and Eckert [16]. In this section, a heat transfer regime map will
be developed with a new non-dimensional number and thresholds
for transition among the heat transfer regimes based on the data
obtained in these experiments. The basic parameters that will be
used here are the non-dimensional heat flux q+ and the Reynolds
number.

The thresholds for the acceleration driven DTHT and the buoy-
ancy driven DTHT were changed in the previous section (‘‘New”
thresholds), and these thresholds can be translated into relation-
ships between q+ and Re using Eqs. (6) and (7).

Kvth
¼ 4qþ

Re
� 2:5� 10�6 ) Re ¼ 1:6� 106qþ ð6Þ

Bo�th ¼
Grq

Re3:425 Pr0:8 � 2� 10�6 ) Re ¼ 5� 105 gD3

a0:2m1:8

 !
qþ

 !0:4124

ð7Þ

since Grq ¼ gbq00wD4

km2 ¼ bq00w
Gcp

GD
l

a
m

qcp

k
gD3

a �
qþ Re

Pr
gD3

a2

It should be noted that there are different versions of the non-
dimensional heat flux q+ such as q00w=GHb; q00w=GcpTb, and bq00w=Gcp.
With an ideal gas assumption, these definitions become the same
but for a real gas, such as nitrogen or carbon dioxide, different def-
initions can result in differences in calculated values. In the data
reduction process and the correlation development process in
our companion paper [7], the first definition was always used,
since it is directly the ratio of the wall heat flux to the flow enthal-
py flux, which has a physical meaning while the others are approx-
imations to the first definition. Also, when performing numerical
calculations, the first definition may avoid an integrating proce-
dure, thereby simplifying the calculations, since the bulk tempera-
ture is generally deduced from the local bulk enthalpy.

The buoyancy effect threshold also includes a variable other
than q+ and Re: which is an another non-dimensional number
(gD3/a0.2m1.8). This parameter is a function of temperature and pres-
sure, since the thermal diffusivity and the kinematic viscosity are
gas properties which vary with inlet temperature and operating
pressure. A rough estimate of the non-dimensional number (Eq.
(8)) can be derived, because gas properties can be generally
approximated by q � PT�1, k � T0.8, cp � T0.1, and l � T0.7.

gD3

a0:2m1:8

 !
¼ C

qcp

k

� �0:2 q
l

� �1:8

� CP2T�3:4; where C ¼ gD3 ð8Þ

In addition, when the value of (gD3/a0.2m1.8) is less than 2.47 � 105,
the acceleration tends to be the major physical effect that induces
DTHT for any given q+ and Re combinations, because the accelera-
tion parameter exceeds the threshold earlier than the buoyancy
parameter does. Thus, when the diameter is small the acceleration
effect is the more pronounced mechanism for reducing the turbu-
lent heat transfer, as this parameter is proportional to the cube of
the diameter.

A tentative heat transfer map was developed and it is shown in
Fig. 9. The ‘‘PGN” (property group number) in the figure denotes
the non-dimensional number (gD3/a0.2m1.8). Two different values
are chosen to show how the buoyancy threshold changes with
the variation of (gD3/a0.2m1.8). Within the presented experimental
data, (gD3/a0.2m1.8) at the inlet varies from 6000 to 2 � 107 depend-
ing on the operating pressure and the gas. However, the tempera-
ture and diameter influences were not examined in the
experiment, since the inlet temperature was kept nearly constant
and the diameter was fixed. The proposed heat transfer regime
map should be used with the inlet conditions, since all the thresh-
olds employed are defined with the inlet buoyancy number and the
inlet acceleration number.

If we compare Fig. 9 to the map by Metais and Eckert [16], some
significant differences between these two maps emerge. First of all,
their map covers only the buoyancy effect of the turbulent heat
transfer regime while the proposed map (Fig. 9) covers the acceler-
ation effect as well. This difference occurs because the Grashof (Gr)
number, which is the major variable on the abscissa of the previous
map [16], cannot represent the acceleration effect directly. To
cover the acceleration effect on the previous map would require
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transformation of the Grashof number in a similar manner as the
buoyancy parameter was transformed in the present study.

Secondly, the previous map demarcates the boundaries with the
local Reynolds number and Grashof number while the new map
evaluates the boundaries using the inlet Reynolds number and in-
let non-dimensional heat flux evaluated with the fluid bulk tem-
perature. The shift from the local parameters to the channel inlet
parameters reflects the observation of experimental data trends.
If one selects the inlet conditions for a regime determination, the
boundary between the normal turbulent flow and DTHT regimes
can be demarcated throughout the channel clearly (Fig. 8). There-
fore, our experiments suggest that using inlet conditions as bound-
aries among different heat transfer regimes is a more appropriate
approach than using non-dimensional numbers evaluated at local
conditions, under uniform heat flux boundary condition and chan-
nel L/D below 110.1 We expect this to hold for a broad range of gas
flow heat transfer experiments since this reflects the nature of gas
DTHT.

Lastly, the free convection regime for either laminar or turbu-
lent flow from the previous map is missing in the proposed map.
In a laminar flow case, the buoyancy effect does not induce abrupt
change in the heat transfer coefficient compared to the DTHT re-
gime. This result can be also observed in the work of others [17].
Thus, drawing a clear line between the laminar and the mixed-
laminar regimes did not seem reasonable when comparing the
characteristics of the DTHT boundaries to the laminar mixed con-
vection boundary. A free convection turbulent boundary is not
shown in the proposed map due to the lack of gas experimental
data for that case. This lack is not surprising because pure free con-
vection cannot be attained easily in a relatively small diameter
tube, as used in this experimental facility (15.7 mm).

The limitations of the new heat transfer map are: (1) it shall be
used only for gas flow, (2) it should be applied only for upward
heated flow, (3) it is verified for the non-dimensional heat flux of
this experimental dataset and (4) it applies to channels with uni-
form heat flux and L/D below 110.

Fig. 10 shows the experimental conditions of other literature
sources along with the data presented in this paper. Even though
there is a vast amount of experimental work related to the DTHT
area with supercritical fluids and liquid water, only limited num-
ber of literature sources experimented with gas, and thus are se-
lected for comparison, due to the uniqueness of gas thermo-
1 The value 110 is the maximum L/D for the present experimental facility.
physical properties change with temperature [10]. In the figure,
‘‘Shehata” indicates the experimental conditions from Ref. [18],
‘‘Bankston” data are from Ref. [19] and ‘‘Kaupas” are from Ref.
[20]. It should be noted that the conditions shown in the figure
are based on the inlet conditions. From the analysis of Ref. [21]
with the data presented in Ref. [18], some ‘‘Shehata” data may have
slightly experienced both the buoyancy DTHT and the acceleration
DTHT and this possibility is demonstrated in the figure. ‘‘Shehata”
data focused more on measuring the velocity and temperature pro-
files during the operation in the DTHT regime than obtaining the
heat transfer coefficient, and three experiments were conducted
with shorter L/D (�30) and larger diameter (27.4 mm) than the
present experimental facility (L/D � 110, ID = 15.7 mm). ‘‘Bank-
ston” data were obtained in the acceleration DTHT regime since
he used a smaller diameter (�3 mm) and thereby reduced ‘‘PGN”
to have negligible buoyancy effects on the turbulent flow. This is
shown in the heat transfer map (Fig. 10) since a smaller ‘‘PGN”
means smaller buoyancy driven DTHT regime leading a large por-
tion of ‘‘Bankston” data to exist in the acceleration DTHT regime. In
contrast, ‘‘Kaupas” data were obtained in the buoyancy driven
DTHT since they used a relatively large diameter (36.3 mm) to in-
crease ‘‘PGN” resulting in a larger effect of the buoyancy driven
DTHT regime compared to ‘‘Bankston” data. ‘‘Shehata” and ‘‘Kau-
pas” obtained their data with air at atmospheric pressure, and
‘‘Bankston” utilized hydrogen and helium at atmospheric pressure.

4. Summary

Experimental heat transfer data for the gas up-flow in a circular
heated channel with a near uniform heat flux were presented.
Three gases were used in the experiment: nitrogen, helium, and
carbon dioxide, which together with pressure variation made it
possible to achieve a number of different heat transfer regimes.
The experiments were particularly focused on two DTHT regimes:
(1) buoyancy induced DTHT and (2) acceleration induced DTHT.
The nitrogen data covered the acceleration driven DTHT and buoy-
ancy driven DTHT, the helium data covered the mixed convection
laminar, acceleration driven DTHT and laminar to turbulent transi-
tion regimes and the carbon dioxide data covered the re-turbuliz-
ing buoyancy driven DTHT and non-re-turbulizing buoyancy
induced DTHT. The ‘‘re-turbulizing” buoyancy driven DTHT is a
phenomenon in gas up-flow heat transfer identified by a change
of the gas heat transfer regime back from the DTHT to the forced
turbulent regime in the downstream section of a heated channel
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due to a decrease in the buoyancy force along the channel. Both the
acceleration driven DTHT and buoyancy driven DTHT showed
reductions of up to 70% from the normal turbulent heat transfer.
Thus, using a forced turbulent heat transfer correlation in the DTHT
regime can underpredict the wall temperature substantially, e.g.,
50% of the wall-to-bulk temperature difference. The validity of
the data was established using an energy balance and uncertainty
analysis. Using the new experimental data, we updated the tradi-
tional threshold (Ref. [6]) for the DTHT regime to account for phe-
nomena observed and a new heat transfer regime map for the gas
heated up-flow was proposed. This map was compared to other
experimental data from literature sources and the map reasonably
represents each experimental condition in the literature. The new
data have been used to develop new heat transfer correlations, pre-
sented in an accompanying paper [7], to more accurately predict
the DTHT regimes.
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