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Abstract-Parameter studies including the channel spacing, conveclive heat flux, channel inlet velocity, 
turbulence-promoter location and height on heat transfer performance and pressure drop in a vertical rib- 
heated channel have been explored in detail. In addition, the rib/overall channel Nusselt numbers and the 
coefficient of channel pressure drop C, are correlated and presented in terms of relevant dimensionless 
parameters studied. The experimental results show that the installation of turbulence promoter on the 
opposite shrouding insulated wall in the vertical rib-heated channel can effectively enhance all the rib heat 
transfer performances in the channel and avoid hot spots occurring in the ‘quasi-equilibrium’ high- 
temperature regime. Taking both thermal and flow aspects into consideration simultaneously, Nu and C,, 
increase hand in hand with increasing ratio of promoter height to channel spacing t/H. This tendency is 
consistent with the increased levels of flow disturbance, or turbulence mixing, promoted by the protruding 

ribs and the installed turbulence promoter. 

INTRODUCTION 

IN MANY electronic packages, the heat dissipating com- 
ponents are usually mounted on vertical parallel 
printed circuit boards (PCBs), which form an array 
of vertical channels. Thus, a vertical two-dimensional 
plate with or without a shrouding wall is a frequently 
encountered configuration in convective air cooling 
of electronic equipment. Generally, packaging con- 
straints and electronic considerations, as well as 
devices or system operating modes, lead to a wide 
variety of heat dissipation profiles along the channel 
walls. In many cases of interest, four kinds of thermal 
wall conditions were proposed to yield approximate 
conditions in the prediction of the thermal per- 
formance of such configurations, that, is, two sym- 
metric isothermal plates ; a single isothermal plate and 
an insulated plate ; two symmetric isoflux plates ; and, 
a single isoflux plate and an insulated plate [ 11. 

As we know, identical flat pack electronic com- 
ponents mounted on a PCB are often placed next 
to one another. When each component dissipates 
approximately the same amount of power, the heat 
load will approach a uniform isoflux heat profile. 
Taking any row of electronic components into con- 
sideration, the heat dissipation can be evaluated as a 
uniformly distributed isoflux heating, and this row of 
electronic components can be properly simulated by 
a two-dimensional large rib with isoflux heating. 
Therefore, compared with a smooth isoflux heating 
plate or a plate mounted with horizontally parallel 
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ribs under isothermal heating, an insulated plate 
mounted with an array of horizontally parallel ribs 
under isoflux heating is more appropriate to represent 
the real geometric configuration and heating con- 
dition of the vertical PCB array. 

To explore the forced-convection heat transfer 
characteristics in such a vertical rib-heated channel, 
Hung and Lee [2] conducted transient and steady- 
state forced convective heat transfer studies in a ver- 
tical channel mounted with a rectangular rib, and 
a generalized correlation of dimensionless transient 
convective heat flux was proposed for the power-on 
transient period. Recently, laminar flow and con- 
jugate heat transfer across three identical two-dimen- 
sional rectangular protruding blocks were theoreti- 
cally analyzed using a finite difference method by 
Davalath and Bayazitoglu [3]. Local and average 
component Nusselt numbers were presented for sev- 
eral channel Reynolds and fluid Prandtl numbers. 
Furthermore. three-dimensional numerical solutions 
without turbulence promoters were provided by 
Asako and Faghri [4, 51. Results were obtained for 
periodically fully-developed laminar flow and heat 
transfer over three-dimensional rectangular pro- 
trusions with the condition of uniform wall tem- 
perature. Supplementary computation showed that 
the friction factor and the Nusselt number could be 
predicted by two-dimensional models, depending on 
the geometric parameters. As with the predictions in 
ref. [3], the highest local Nusselt numbers along the 
protrusion were found near the leading edge of the 
face orientated parallel to the flow direction. As for 
the periodically fully-developed turbulent flow and 
heat transfer in two-dimensional ducts with rec- 
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NOMENCLATURE 

4” heat flux 
R electrical resistance 
Re channel Reynolds number, pU,H/p 

S streamwise pitch of two adjacent ribs 
t turbulence promoter height 
T temperature 

u0 channel inlet velocity 
V voltage. 

Greek symbols 

IJ dynamic viscosity 

P density. 

Superscript 
average. 

Subscripts 
cs steady-state convection 
i total 

j rib number 
k conduction 
r radiation 
W rib surface 

; 

local 
at channel inlet. 
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tangular protrusions, Knight and Crawford employed 
the k--E turbulence model to account for turbulence 
transport in the system [6, 71. Their predictions 
showed good agreement with the experimental results 
presented by Lehmann and Wirtz [8]. In 1990, Chao 
[9] experimentally dealt with transient and steady- 
state forced convection heat transfer in a vertical insu- 
lated channel with four surface-mounted heating ribs. 
A generalized correlation for transient convective heat 
flux was also proposed and parameters such as chan- 
nel spacing, steady-state convective heat flux, and 
channel inlet velocity affecting heat transfer per- 
formance for heating ribs were investigated exten- 
sively. In his study, it was found that the periodically 
fully-developed (F.D.) regime. or the so-called ‘quasi- 
equilibrium’ high-temperature regime, starts at the 
third rib in the range of channel Reynolds number 
Re = 2182-29 696. The same conclusion for local heat 
transfer characteristics along the protrusion was also 
drawn in his study. McEntire and Webb [lo] con- 
ducted a series of experiments to measure the local 
forced convective heat transfer characteristics of an 
array of protruding and flush-mounted two-dimen- 
sional discrete heat sources in a vertical channel. Air 
flow rates yielding effective channel Reynolds num- 
bers Re in the range from 525 to 3937 were employed. 
The results of their experiments showed that the pro- 
truding heat sources yielded higher heat transfer 
than flush-mounted heat sources at the same channel 
Reynolds number. The interruption of the thermal 

boundary layer in the adiabatic sections between the 
heaters results in heat transfer enhancement. Other 
relevant information for discrete flush heat sources 

and protruding heating elements in channel flow can 
be found in a well organized paper survey presented 
by Peterson and Ortega [ 111. 

Conceptually, the use of turbulence promoters in 

rib-heated channels has been corroborated to be a 
simple but effective means of enhancing heat transfer 
performance. Although turbulence promoters lead to 
a locally high pressure drop, they can generate a 
locally, suddenly accelerated flow with a high level of 
turbulence and thus result in a local heat transfer 
enhancement in the channel. In 1982, Sparrow et al. 

[12] used the naphthalene sublimation technique to 
measure the Sherwood number and inferred a Nusselt 

number for modules. They then explored the heat 
transfer and pressure drop for forced convection 
in arrays of heat generating rectangular modules 
deployed along one wall of a horizontal flat retangular 
duct, with and without barriers, and missing modules. 
Air was the mass transfer medium in the experiments. 
The implantation of a barrier in the module array was 
shown to be an effective enhancement device, with the 
greatest effect being felt in the second row downstream 
of the barrier while residual enhancement persisted 
considerably further downstream in their study. How- 
ever, at the module immediately upstream of the 
barrier, there was a reduction in the heat transfer 
coefficient. Later, Sparrow et al. [13, 141 explored the 
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same problem by using multiple fence-like barriers, 

with the interbarrier spacing and the barrier height 

varied parametrically along with the Reynolds 
number. The main objective in ref. [13] was to deter- 

mine the individual heat transfer coefficients at the 
top and side surfaces of the modules. Perspectives on 
heat transfer and pressure drop results were provided 
by flow visualizations performed using the oil-lamp- 
black technique. Furthermore, the convective heat 
transfer response to height differences in an array of 
block-like electronic components was again investi- 
gated experimentally by Sparrow et al. [14]. 

The foregoing literature survey indicated that most 
of the existing work has only been dealing with heat 
transfer from single or multiple heated sources, for the 
most part in the periodically fully-developed regime. 
Moreover, although the barrier implanted on the 
module-sublimated wall has been studied in refs. [ 12- 
14], no information on investigating the effect of tur- 
bulence promoter, which is implanted on the opposite 

shrouding insulated wall, on the steady-state flow 
and thermal characteristics in a rib-heated channel is 
available in the existing literature. In order to ad- 
vance our understanding on heat transfer augmenta- 
tion in a vertical rib-heated channel with turbulence 
promoters, a series of systematic experimental investi- 
gations have been performed. The objectives of this 
research are to investigate the effects of channel 
spacing, convective heat flux, channel inlet velocity, 
promoter location and height on heat transfer and 
pressure-loss characteristics ; to establish relevant 
correlations of Nusselt number and channel pressure 
drop with a wide range of system parameters studied ; 
to explore the enhancement on heat transfer char- 
acteristics by utilizing a turbulence promoter in a rib- 
heated channel ; and, to provide an effective cooling 
method for vertical PCB arrays. 

THE EXPERIMENTS 

Figure 1 shows the overall experimental assembly 
which consists of the entire apparatus and the main 
instruments. The measurements for the present exper- 
iments are performed in a low-turbulence open-loop 
wind tunnel, which is designed to be used for natural, 
forced, and mixed convection tests. The wind tunnel 
facility is in a buoyancy assisting flow condition. 
Detailed description of this facility has been given in 
ref. [15]. 

Test plates 
The schematic of the rib-heated test plate is shown 

in Fig. 2. The PCB test plate is 38.0 cm wide, 28.0 cm 
high, and 0.4 cm thick. There are four rectangular 
ribs, each with a dimension of 38.0 x 2.0 x 1.0 cm, 
mounted on the PCB surface. Each rib composes of 
four layers. The first layer is folded by a 0.1 cm thick 
stainless steel sheet. The stainless steel test surface is 
the primary part of the test plate. It is polished to 
minimize the surface roughness and emissivity, hence 

lessen radiative heat losses. The second layer is a 

3.8 x 38.0 cm thermofoil heater with a thickness of 

0.03 cm, epoxied on the inner surface of the first layer. 
The thermofoil heater, which can be applied to a 
voltage range of O-140 V with 90-l 10 0 resistance, is 
used for heating the stainless steel test surface. The 
emissivities of the rib surface and the PCB are esti- 
mated as 0.10 and 0.95, respectively, in the present 

experiments. There are 24 calibrated T-type thermo- 
couples installed for measuring the local temperatures 
of each rib. The third layer is a 1.2 cm thick balsa 
slab, which is epoxied on the backside of the thermo- 
foil heater to inhibit conductive heat losses from the 

heaters. At the backside of the balsa slab, there are 
four thermocouples installed to estimate the con- 
ductive heat losses. The outer layer (i.e. the fourth 
layer), epoxied on the backside of balsa slab and 
fiberglass board, is a 16.5 x 38 cm, 0.13 cm thick cork. 
Fine holes with a diameter of 0.2 cm are drilled 
through the balsa slab and cork to allow the passage of 

heater leads and thermocouples. There are a total of 

154 calibrated thermocouples installed for local tem- 
perature measurements of the test plates in the exper- 
iments. In addition, a turbulence promoter is mounted 
on the opposite shrouding insulated wall parallel to 
the rib-heated test plate. The turbulence promoter, 

which is 38.0 cm long and 0.4 cm thick, is made of 
fiberglass material. A piece of L-shaped metal is 

attached to each lateral end of the promoter, and 
two metal bars with 25 screw holes are bolted to the 
backside of the insulated wall. Thus, the promoter can 
be slid along the insulated wall to the desired position, 

and then fastened on the insulated wall with four l/l6 
in. screws. Consequently, the effect of the promoter 
on flow and thermal characteristics in the vertical 
rib-heated channel can easily be investigated in the 
experiments. 

Apparatus and instrumentation 
As previously described, the test plate has four 90- 

110 fi resistive thermofoil heaters embedded in the 
rectangular ribs for heating, and 154 T-type calibrated 
thermocc:tples epoxied on specified locations for tem- 
perature measurements. Therefore, the local temper- 
ature distribution along the test surface including the 
array of ribs is accurately measured. The air tem- 
peratures at the inlet and outlet of the test channel are 
also measured respectively with two T-type thermo- 
couples. The temperature difference, measured by two 
thermocouples at either the inlet or outlet, is con- 
sistently small. 

Four d.c. power supplies (Model: GW GPD- 
6030D, maximum ratings: 60 V and 30 A) provide 
power to the heaters for making the input power 
changeable. A digital multimeter (Yokogawa-Model 
2502A, resolution : 1 PV on 100 mV range and 1 mQ 
on 100 R range) is utilized to calibrate the voltage of 
each d.c. power supply. The channel spacing between 
the test plate and an adiabatic shrouding plate is 
measured by a 150f0.05 mm Mitutoyo vernier 
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FIG. 1. Overall experimental setup. 

caliper. Moreover, both the horizontal and vertical 
test plates are calibrated by a water level. 

As for the velocity measuring system, it includes a 
precise hot wire anemometer (Model: V-Ol-AND) 
and a Dwyer microtector with high precision press- 
ure measurements. The microtector delivers repeat- 
able accuracy in measuring positive, negative, or 
differential pressure to +0.00025 in. w’ater column 
over a 0.0-2.0 in. water column range. Precise cali- 
bration between the dynamic pressure head and air 
velocity, measured by the microtector and by the hot 
wire anemometer respectively, is made in the exper- 
iments. 

Static pressure measurements along the opposite 
shrouding insulated wall are achieved using a series of 
micro-pressure differential transducers (Model : PR- 
72) connected to an IBM PC-AT computer with a data 
acquisition interface card (Mode1 : Labtech DAS-16) 
and control software. 

Data acquisition and control 
The experiments are controlled and data acquired 

automatically with a Fluke-2280B data logging system 
interfaced to PC-AT based peripherals. The interface 
between the computer and the test plate is a 2280 
Digital Acquisition and Control Unit. The unit has 
160 channels of scannable thermally-compensated 
relays which are connected to the thermocouples. The 

data logging system records the air temperature at the 
channel inlet/outlet and the local temperature dis- 
tributions of the test plates in the experiments. 

Data reduction 
The objective of data reduction in the experiments 

is to use an effective mode1 for calculating the heat 
losses of the rib-heated test plate and obtaining an 
accurate convective heat flux, so as to get the local 
and average heat transfer coefficients (or Nusselt num- 
bers) in the test channel. 

The primary data-reduction program, ‘PROLOG’, 
is designed to perform data acquisition, inspection for 
anomalous behavior, storage, and manipulation. This 
program can automatically record the measured tem- 
perature data on a floppy disk. Another important 
data-reduction program, ‘DIFC’, is also developed to 
analyze primitive data acquired from ‘PROLOG’. The 
fundamental concept in the ‘DIFC’ program for 
the present experiments is based on the following 
equation : 

Pc = Ql-Qr-QcQt. (1) 

This energy-balance equation calculates the net 
convective heat flow rate, Q=, from the test surface to 
the air in the test channel. The total power input to 
each rib is Qi and it equals 1/,2/R,. Here V, represents 
the output voltage of each d.c. power supply and R, 
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FIG. 2. Schematic of rib-heated test plate in experiments 

the resistance of each thermofoil heater. Ql. is the 
radiative heat loss from the stainless steel surface to 
its surroundings. It is evaluated with thermal diffuse 
gray-body networks. The networks establish the rela- 
tionships of radiative interactions among rib surfaces, 
the base wall, the shrouding wall, and the ambient 
surroundings [16]. According to the results of radia- 
tion analysis, the maximum radiative heat loss is less 
than 1.1% of the total input power for all the cases 
considered in the present study. Qk is the conductive 
heat loss to the insulated PCB and balsa slab. It is 
evaluated by one-dimensional (for the PCB) and two- 
dimensional (for the balsa slab) conduction models 
[ 161. In the present experiments, Qk varies from 8.0 to 
11.3% for each rib of the typical cases. Ql is the 
internal-energy change of the stainless steel sheet and 
the balsa wood during the experimental period. The 
method for the evaluation of internal-energy change 
Q, had been introduced in refs. [ 16, 171. 

To perform the above calculations, it should be 
noticed that the heat losses through the lead wires 
and thermocouples are so small that they are to be 
neglected in the experiments. 

Before the experimental results of the steady-state 
condition are displayed, it is necessary to clarify the 
steady state of each experiment. Usually, the steady- 
state condition is considered to be achieved when Qt 
approaches zero ; the Ql- and Qk reach their steady- 
state values, respectively; and the Qc variation with 

LP=4 

turbulence 
promoter __ 

LP= 3 

LP=2 

LP=l 

Rib4 

Rib3 

Rib2 

Rib1 

FIG. 3. Test channel investigated in experiments. 

time is less than 1 .O% of the previous Qc value in each 
experiment. In general, the steady-state condition can 
be achieved about 30 min after the power is turned 
on. Furthermore, to ensure the reliability of the exper- 
imental steady-state results, a group of data with a 
minimum absolute Qt/Qi value during the steady-state 
period are chosen as the data base for each case. After 
Qi, Qr, Qk and Qt are evaluated, the net convective 
heat flow rate from the stainless steel surface of each 
rib, i.e. Qc, can be obtained. Afterwards, the local and 
average Nusselt numbers at the specified locations in 
the steady-state experiments are finally calculated. 

Uncertainty analysis 
Uncertainty and sensitivity analysis is used exten- 

sively in the experimental planning stage to help 
design the apparatus and data reduction procedures. 
The method used is the standard single-sample uncer- 
tainty analysis recommended by Kline and McClin- 
tack [ 181 and Moffat [ 191. The flow chart for uncer- 
tainty analysis and data-reduction equations for the 
main measured quantities are shown in ref. [16]. 
In the experiments, temperature measurements are 
accurate to within f0.2”C, the uncertainty of the heat 
flux qy is determined to be 0.25%, and those of Re 
and Nu for the ranges of parameters studied in the 
experiments are within 6.24 and 4.54%, respectively. 

RESULTS AND DISCUSSION 

The main emphasis of the experimental results is 

on forced convection heat transfer with turbulence 
promoter in a vertical channel mounted with four 
rectangular ribs. The schematic of the test channel 
used in the experiments is shown in Fig. 3. The discrete 
heating ribs are made 2.0 cm long and 1.0 cm high 
(i.e. B = 1.0 cm) and the ratio of rib pitch height S/B 
is designed as 4.0. Therefore, the essential parameters 
studied in the experiments are H/B between 2.5 and 
10, qzs ranged from 200 to 630 W m ‘, U, varied from 
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1.27 to 5.76 m s- ‘, LP chosen at one of the designed 
locations as shown in Fig. 3 (i.e. LP = 1, 2, 3, or 
4), and t/H ranged from 0.0 to 0.6. Sixty-six data 
sets with various above-mentioned parameters are pre- 
sented in this research. In the study, the case with 
H/B = 5.0, t/H = 0.2, LP = 3, Ii, z 3.84 m s-’ and 

I, CJ,,,, z 358 W mm 2 for each of the four ribs is chosen 

as the typical reference for comparisons. 
For conventional heat transfer study in forced con- 

vection, the channel inlet temperature T, is usually 
chosen as a reference to explore heat transfer phenom- 
ena in vertical channels, especially for the study of 
channel-spacing effect on heat transfer characteristics. 
The same reference is chosen here in the present 
study. 

The spanwise dimension of the test channel is 38.0 
cm, an adequate width, to assume a two-dimensional 
flow for the channel spacings studied in the exper- 
iments. This assumption can be verified from the 
measurement of spanwise temperature distributions. 
The spanwise temperatures on the test surface are 
measured along three columns. The span between two 
adjacent columns is, measured in the direction normal 
to the streamwise air flow, 10 cm. There are 46 cali- 
brated T-type thermocouples installed along the 
streamwise direction in each column. As compared with 
the local measured temperatures at the center column 
of the test section, the maximum deviations of the 
spanwise temperatures for the left column and the 
right column are less than 7.6 and 3.7%, respectively, 
in the range of parameters studied. This spanwise 
uniformity is consistent with the measured results for 

the 90 deg rib configuration without promoters at 
Re = 12 500-28 500, presented by Metzger et al. [20]. 
Therefore, the assumption of two-dimensional dis- 
tribution may be assured during the steady-state 
periods, and the temperature distributions along the 
middle column are employed as representative of the 

whole test surface in the experiments. 

D@nition of rib heat-transfer parameters 
According to the definition of Newton’s law of 

cooling, the local convective heat transfer from each 
rib can be expressed as 

GJli,,, = &V(T,,.X - T,) (2) 

where j represents the rib number. qE_,, are the steady- 
state convective heat fluxes for the four ribs in the 
channel and they are kept almost the same, by means 
of controlling four power supplies independently, in 
each experimental case. For instance, the steady-state 
heating conditions of the four ribs for the typical 

case are q& , = 357.32 W mm *, q& = 358.23 W me2. 
q;s,3 = 358.07 W rnm2, qzT,4 = 356.38 W m-2. 
respectively. 

Thus, the local heat transfer coefficient for any one 

of the ribs, i.e. h,,, becomes 

h,., = &,l(T,,,~ - To). (3) 

From equation (3), the average heat transfer co- 

40, 

04 
1 2 

RIB NUMB& 
4 

FIG. 4. Nu, distributions for typical case. 

efficients of the jth rib based on r, can be expressed 
as 

II L, 
Ycs,j 1 

=-f -pdx 
L, 0 (TLV,,.X - T”) 

(4) 

where L, represents the total heating length of each 
rib, i.e. L, = 2B+ L. 

The integration of equation (4) is approximated by 

summing up all products of the reciprocal of local 
temperature difference, i.e. 1 /(r,,, - T,), and the cor- 
responding length of segment Ax. Thus 

(5) 

Thus, the average Nusselt number base on the rib 
height B (B = 1 cm in the present experiments) for 
each rib is 

Nu, = &B/k. (6) 

Consequently, the overall average Nusselt number 
Nu in the channel can be evaluated as the average 
value of Nusselt numbers of the four heating ribs. 

Average heat transfer characteristics of the ribs 

Figure 4 shows the distributions of average rib Nus- 
selt number, based on channel inlet temperature To, 
for the cases of S/B = 4, H/B = 5, t/H = 0.2 and 
U0 = 3.84 m s- ’ with various promoter locations (i.e. 
LP = 1, 2, 3, or 4). From the results of the typical 
case shown in the figure, it is evidenced that the heat 
transfer performance of rib 1 is better than that of rib 
3 or rib 4 for about 26% in the steady-state condition. 
However, as seen in ref. [9], where the test channel 
was the same as the one used in the present exper- 
iments except without turbulence promoters, the heat 
transfer performance of rib 1 was better than that of 
rib 3 or rib 4 for about 53% in the steady-state 
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condition. Moreover, during the steady-state period 

in ref. [9], it was also manifested that the heat transfer 
characteristics for ribs 3 and 4 had the same trend, and 

the relative deviation on heat transfer characteristics 
between them could be negligible if the experimental 
uncertainties were taken into consideration. Accord- 
ing to the above-mentioned experimental results in 
ref. [9], it may be assumed, similarly, that the so- 
called ‘fully-developed’ or ‘quasi-equilibrium’ high- 
temperature regime starts at the third rib in the range 
of channel inlet velocity studied in the present forced- 
convection experiments. This result is closely con- 
sistent with that investigated by Sparrow et al. [12]. 

They concluded that the fully-developed heat transfer 
coefficients were encountered starting with the fifth 

and all subsequent rows. Although the fully- 
developed heat transfer regime in ref. [12] slightly 
lagged behind that of the present experiments, the 

trend can be reasonably seen by observing that the 
channel entrance effect on three-dimensional modules 
used in ref. [ 121 is much stronger than that of the two- 
dimensional ribs in the present study. The exper- 
imental results obviously support the observation that 
the use of turbulence promoter can improve the heat 
transfer performance in the ‘quasi-equilibrium’ region 
effectively. In addition, it is worth noting that the 

turbulence promoter installed on the opposite shroud- 
ing wall enhances not only the heat transfer per- 
formance of its downstream ribs but also that of its 
upstream ribs. As compared with the experimental 
results presented in refs. [12, 131, the current study 
obviously shows that the present promoter instal- 
lation on the opposite shrouding wall is better than 
that on the rib-heated wall, for the consideration of 
heat transfer enhancement. In Fig. 4, three relevant 
results in the existing literature are also shown for 

comparisons. The first one is the Nusselt number for 
fully developed turbulent flow between parallel 
smooth planes with one side isoflux heated and the 
other insulated [2 11. The second one is calculated from 
the equations for flush-mounted heater configurations 
proposed by McEntire and Webb [lo] 

I 

0.772Re0.j9, j = 1 

0.574 Re0,4’ 
NM, = 

j=2 

0.372Reo44: j= 3 
(7) 

0.576 Re0.35, j = 4 

where the above equations are valid for the cases 
of H = 1.27 cm and L = 1.27 cm with the range of 

Re = 52553937. 
The third one is the fully-developed Nusselt number 

for three-dimensional modules at U. = 3.84 m s- ‘, 
which is evaluated from the following equation [12] : 

Nu = 0.0351 Re0-72 , Re = 200&7000 (8) 

where equation (8) is valid only for the cases with 
S/B = 3.33, H/B = 2.67, B = 1.0 cm and L = 2.67 
cm. 

The comparisons between the present data and 
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FIG. 5. Effects of relevant parameters on rib heat transfer 
characteristics. 

either of the first two relevant results show the effect 
of rib obstructions on heat transfer enhancement; 
while the comparisons of the present data with the 
third relevant results display the geometric effect on 
heat transfer performance. 

As shown in Figs. 5(a)-(c), the effects of convective 

heat flux, channel inlet velocity and channel spacing 
on rib heat transfer characteristics are presented. In 
Fig. 5(a), the convective heat flux has no significant 
effects on the average rib Nusselt number in the pre- 
sent forced-convection cases. This manifests that the 
heat transfer performance in the present experiments 
is not affected by buoyancy, and the heat transfer 
mechanism may be considered as purely forced con- 
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vection. Moreover, the results for the cases without 
turbulence promoters in ref. [9] are also plotted in the 
figure for comparisons. From the figure, the promoter 
(LP = 3) not only increases the Nusselt number of the 
ribs in its downstream, but also increases the Nusselt 
number of ribs in its upstream. 

Figure 5(b) shows the effect of channel inlet velocity 
on rib heat transfer characteristics. For the case of 
H/B = 5, t/H = 0.2, LP = 3 and q&, = 358 W mm2 

with various inlet velocities, it is found that the average 
Nusselt number increases with increasing channel 
inlet velocity U,,. This observation agrees with what is 
physically expected in forced convection. In addition, 
the promoter also has the same trend to enhance its 
downstream and upstream average Nusselt numbers 
as discussed in Fig. 5(a). 

To investigate the effect of channel spacing on rib 
heat transfer performance, Fig. 5(c) displays the 
results for the case of LP = 3, q&, = 358 W mm 2 and 
U0 = 3.84 m s ’ with various channel spacings. The 
figure indicates that the average Nusselt number will 
increase when the H/B ratio decreases. This tendency 
may be properly explained by the magnitude of flow 

acceleration that occurs in the effective contraction 
passage of the channel for various H/B ratios. As we 
know, when the channel inlet velocity is fixed, say 
U, = 3.84 m s- ‘, the cross-sectional area of the free 
flow passage formed by the obstructive ribs and the 
promoter decreases with decreasing channel spacing; 
therefore, the effective flow velocity will increase and 
the heat transfer performance will consequently be 
improved with the decreased channel spacing. In other 
words, we may conclude that the smaller the channel 
spacing is, the larger the average Nusselt number Nu, 
for each rib becomes. The turbulence promoter also 
has the same effects in increasing its downstream and 
upstream average Nusselt number as found in Figs. 
5(a) and (b). 

Prior to exploring the effect of turbulence promoter 
location on rib heat transfer performance, two types 
of promoter installation, which will be compared with 
each other in the following paragraphs, should be 
described here. Figures 6(a) and (b) depict respec- 
tively the present installation method along with the 
ranges of relevant parameters studied and those pro- 
posed by Sparrow et al. [12]. 

The results presented in Fig. 4 verify that the tur- 
bulence promoter location affects the heat transfer 
performances of its downstream and upstream heat- 
ing ribs. The Nusselt number enhancement observed 
at the rib immediately downstream of the promoter is 
greater than that at other locations. For the typical 
case shown in Fig. 7, with increasing upstream or 
downstream distance from the promoter, the extent 
of the heat transfer enhancement of the heating rib 
gradually drops off. Therefore, according to the exper- 
imental data, the Nusselt number enhancement for 
the rib downstream or upstream of the promoter (i.e. 
Nu,/(Nu,),~,=,) can be normalized by that for the rib 
immediately downstream of the promoter (i.e. 

Nu,=,,,/(Nuj+,),,,=,). Then, the relationship between 
this normalized Nusselt number enhancement at ribj 
and the corresponding relative location (j-LP) in 
the present study may be expressed in an exponential 
distribution form : 

E, 
-0.02(,--l/l)’ 

E,=,p 
(9) 

where E, is defined as Nu,/(Nu,),;,,=,, and EJE,+ 

represents the ratio of the average Nusselt number 
enhancement at any ribj to that at the rib immediately 
downstream of the promoter j = LP (e.g. at rib 3 for 
LP = 3). 

The average deviation of the predictions using the 
above equation from the experimental data is 4.4%. 

Furthermore, the effect of the implanted barrier on 
heat transfer enhancement, which was studied in ref. 
[12], is also interpreted and shown in Fig. 7. Their 
results showed that the barrier effectively fulfilled its 
function as a heat transfer enhancement device, with 
the greatest enhancements occurring in the second 
row downstream of the barrier. In the ranges of their 
experimental parameters studied (see Fig. 6(b)), they 
found that the reattachment of the flow, which lifted 
off due to the presence of the barrier, took place in 
the second row, making the heat transfer coefficients 
at the second-row modules greater than those in the 
first row. Another noteworthy feature of their results 
was that there was a reduction in the heat transfer 
coefficient at the modules upstream of the barrier. 
To overcome this heat transfer defect, the turbulence 
promoter installed on the opposite shrouding insu- 
lated wall in the present study reveals its major advan- 
tage in preventing the occurrence of local hot spots 
from the heating process. Additionally. the rib heat 
transfer performances in the channel are all enhanced, 
with the greatest heat transfer enhancement occurring 
at the rib immediately downstream of the promoter. 
The main reason is that the forced flow abruptly lifts 
off due to the presence of the promoter mounted on 
the shrouding insulated wall, and transversely accel- 
erates its velocity nearby the rib immediately down- 
stream of the promoter. 

As for the effect of the ratio of promoter height to 
channel spacing t/H on average rib Nusselt number 
Nu, and overall average Nu, the experimental results 
are shown in Figs. S(a) and (b). They manifest a 
significant effect of t/H ratio on average Nusselt num- 
ber Nu (or overall average Nu) distribution. The NM 
(or Nu) value increases with increasing t/H ratio. In 
general, the relationship between Nu (or Nu) and t/H 

in the present study can be expressed as 

W~,),.H 
Wu;),,,= o 

=I+C, ;, 0 j= 1,2,3,or4 

(10) 

where the constants C, = 0.0298, C2 = 0.475, 
C, = 1.530, and C, = 1.184 
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FIG. 7. Distributions of dimensionless Nu, enhancement for 
various relative rib locations. 

Wul,,H 
= 1+0.692 ; 

(Na),,l,=o 0 
(11) 

The average deviations of the predictions using the 

above equations from the experimental data are 3.5% 
(rib l), 3.3% (rib 2), 4.5% (rib 3), 3.2% (rib 4) and 
2.9% (average), respectively. 

Furthermore, from the above-presented results, it 
is reconfirmed that the heat transfer performances for 
the heating ribs in the channel are all enhanced ; and 
the greatest Nusselt number can be found at the rib 
immediately downstream of the promoter. With 
increasing upstream or downstream distance of the 
heating rib from the promoter, the extent of the heat 
transfer enhancement gradually drops off. 
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FIG. 8. Nu/(Nu),~,,=~ distributions in experiments. 

Figures 9(a) and (b) show the relationships among 
the average rib Nusselt numbers Nu, (or overall aver- 
age Nu), ratio of channel spacing to rib height H/B, 

and Reynolds number Re for heating ribs. All the 
properties used for the Nu and Re calculations are 
based on the channel inlet temperature. From these 
figures, it is found that Nu (or Nu) depends on Re as 
a 0.55 power for cases with a specific N/B ratio. The 
Reynolds number dependence of a 0.55 power is con- 
sistent with the 0.53 power dependence presented by 
McEntire and Webb [lo] for the cases with protruding 
two-dimensional discrete heat sources, although their 
experimental cases were all in the laminar or transition 
range. The 0.55 power proposed in the present study is 
substantially higher than the 0.4 dependence observed 
for the flush-mounted heater configuration [lo]. This 

is also somewhat different from a 0.75 power for the 
large ribbed roughness experiments with S/B = 4 and 
H/B = 4.6, where S is the streamwise pitch between 
two adjacent ribs (measured centerline to centerline), 
presented by Arvizu and Moffat [22]. 

In addition, from the experimental data it is also 
evident that Nu is inversely proportional to the H/B 
ratio with a 0.75 power dependence. Therefore, based 
on the present experimental data, the relationships 
between Nu,/(H/B)-~-‘~ (or Nu/(H/B)-O.“) and 
Reynolds number Re can be correlated in the fol- 
lowing forms : 

(a) relationship among Nu,, H/B and Re 

(b) relationship among I%. H/B and Re 

FIG. 9. Relationship among Nu, H/B and t/H for heating 
ribs. 

Nu,/(H/B)-~.” = A, RLT’,‘~, j = 1,2,3, or 4 (12) 

where A, = 0.394, AZ = 0.332, A, = 0.329 and A, = 
0.325 ; and 

Nu/(H/B)-.’ l5 = 0.344 Re0.55. (13) 

In Figs. 9(a) and (b), the fully-developed Nu, cor- 
relations for the cases without mounting promoters 
or barrier, i.e. t/H = 0, in refs. [9, 121 are also shown 
for comparisons. In ref. [9], the fully-developed A, in 
equation (12) and the mean value in equation (13) 
are 0.252 and 0.302, respectively. Figure 9(b), which 
presents the correlation proposed by Sparrow et al. 
[12], i.e. equation (8), manifests that the Nusselt num- 
bers are more strongly dependent on Reynolds num- 
ber in the ranges of their experimental parameters 
studied (see Fig. 6(b)). 

Finally, if the parameters Re, H/B, t/H and relative 
downstream (or upstream) rib location (j-LP), 
which all affect the heat transfer performance, are 
simultaneously taken into consideration, five empiri- 
cal correlations related to Nu (or Nu), Re, H/B, t/H 

and (j- LP) can be obtained by using a curve-fitting 
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method. These new empirical correlations are pro- 

posed as 

Nu, = a&O 55(H/B)-0.75[l +be~“-oz(j-‘~)‘(t/~)] 

(14) 

where 

I 

1 : a = 0.392, b = 0.0323 

jz 
2: a = 0.303, b = 0.485 

3 : a = 0.263, b = 1.255 

4:a=0.252, b=l.448 

and 

Nu = 0.302 Re0~ss(H/B))0~75[l +0.692(t/H)] (15) 

where Nu and Re are based on the rib height B and 

channel spacing H, respectively. The comparisons 
between the experimental data and the predictions 
from equations (14) and (15) are made and shown in 

Fig. 10. The data points for comparisons are 330. The 
range of the parameters H/B, t/H, q&j, U. and LP 
where equations (14) and (15) are applicable is also 
given in the figure. The average deviations of the pre- 
dictions by equations (14) and (15) compared with 
the present experimental data are 4.9,4.3, 5.5, 7.7 and 
5.3% for Nu,, Nu2, Nu,, Nuq and Nu, respectively. 

Effixt of turbulence promoter on ooerall chunnel press- 
ure drop 

In general, two important characteristics, i.e. heat 
transfer performance and pressure drop, should be 
investigated in experiments of heat transfer and fluid 
dynamics. From the experimental results presented in 
the previous subsections, it is clearly shown that the 
installation of turbulence promoter in the test channel 
can improve rib/overall heat transfer performance 
and prevent the occurrence of hot spots from the 
heating process in the fully-developed regime of the 
channel. However, the promoter installation also 
obstructs the flow and increases the pressure losses. 

10 
+ Ave. Nu 

0 
0 10 20 30 40 

Nqred 

FIG. 10. Comparisons of experimental data with predictions 
from equation (14) or (15). 

This means more power is needed to maintain the 

same flow rate as in a channel without turbulence 

promoters. Thus, the following will discuss the chan- 
nel pressure loss from the frictional aspect. 

As we know, the definition of the coefficient of 
pressure losses in the channel can be expressed in the 
following form : 

AP 
c, = 7 

1l2PUo 
(16) 

where AP represents the static pressure drop between 
the inlet and outlet of the channel. 

As shown in Fig. 11, the ratio of C, for cases with 
a promoter to that in the corresponding cases without 

a promoter, i.e. C,/(C,)l,H=O, is significantly affected 
by the ratio of promoter height to channel spacing 
t/H; while not significantly affected by any one of the 
following parameters: H/B, t/B, q& U,, and LP. 
In refs. [12, 221, it was similarly observed that the 
dimensionless pressure drop is a weak function of 
Reynolds number for a ribbed channel without a pro- 
moter or with a barrier. This finding indicates that the 
pressure losses are primarily due to inertial effects. In 
the present study, for parameter ranges of H/B = 2.5- 
10, t/B = 0.0-4.5, qEs,j = 2OG630 W mm’, U. = 1.27- 
5.76 m s ’ (or Re = 3887-29 524) and LP = l-4, the 
Cp/(Cp),,,,=O distribution can be proposed as a func- 
tion of t/H only and expressed in the following curve- 
fitted form 

CJ(C,J,,H=o = 1+86.58(t/H)*. (17) 

The average deviation of the predictions using the 
above equation from the experimental data is 19.1%. 

From equations (11) and (17), it is evident that 
higher promoters are more advantageous for heat 
transfer enhancement ; however, there is a severe pen- 
alty in pressure drop. This conclusion is qualitatively 
consistent with the results presented in ref. [ 121. Tak- 
ing into consideration a four-row ribbed channel with 
a promoter or a barrier, a quantitative comparison 
between the present study and that by Sparrow et al. 

[12] is also shown in Fig. 11. At any specific t/H value, 
say 0.5, the pressure drop in the present study is larger 
than that in ref. [12]. The main reason is that, in the 

10 

0 
0.0 0.1 0 2 0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0 

t/H 
FIG. Il. Cp/(Cp)l,H=O distributions for various t/H ratios. 
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present study, the ratio of the effective flow cross- 
sectional area at the promoter location to the frontal 
channel area is much smaller, which causes a larger 
pressure drop [23]. Furthermore, from the trend of 
the pressure-drop distributions for cases of t/H < 0.6 
shown in the figure, the higher the promoter or barrier 
is, the smaller the difference is between the pressure 
drops in the present study and in ref. [12]. 

Similar to the concept of maximum value of AEHT 
(Amount of Enhanced Heat Transfer) introduced in 
ref. [24], the Colburn factor for heat transfer j and 
Darcy friction factor for channel pressure drop J can 
be defined, respectively, as 

j = (Nu)(Re) ‘(Pr))‘j3 

where Pr is the Prandtl number of fluid and 

(18) 

(19) 

where L, represents the channel length and 2H, the 
hydraulic diameter for a two-dimensional parallel 
channel. 

Under a specified geometric rib-heated channel with 
the same experimental conditions, the j/f ratio, the 
so-called AEHT, is proportional to the Nu/C,, ratio. 
Therefore, the j/f ratios between the cases with and 

without a promoter can be expressed as 

jiJ NW, 
Wf>lfh o UWC,J,m=o 

(20) 

i.e. the equation can be obtained from equation (11) 
divided by equation (17). 

Figure 12 depicts the relationship between j/f and 
t/H. The average deviation of the predictions by equa- 
tion (20) compared to the present experimental data 
is 18.2%. The experimental results manifest that if 
both the standpoints of heat transfer enhancement 
and pressure drop are simultaneously considered (for 
example, in aeronautic applications), the use of a pro- 

moter may not be valuable for higher t/H cases. The 
results in ref. [12] had introduced a similar trend. 
However, if more emphasis is put on enhancing heat 
transfer performance and preventing the occurrence 
of hot spots from the heating process in the rib-heated 
channel, the present installation of a turbulence pro- 

1.50 I 
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FIG. 12. (j/f)/(j/f),,;,=, distributions for various t/H ratios. 

moter is better than that studied in ref. [ 121. In other 
words, in the present study. heat transfer enhance- 
ments are achieved for all the ribs both upstream 
and downstream of the promoter, not merely on the 
modules downstream of the barrier as in ref. [ 121. 

CONCLUDING REMARKS 

Experimental investigation of forced convection 
with a turbulence promoter in a vertical rib-heated 

channel has been systematically performed in this 
research. The main conclusions emerging from the 
results and discussion may be summarized as follows : 

(1) The use of a turbulence promoter can effectively 
improve the heat transfer characteristics and avoid 
the occurrence of hot spots in the ‘quasi-equilibrium’ 
high-temperature regime. In addition, it enhances not 
only the heat transfer performance of its downstream 
ribs, but also that of its upstream ribs. 

(2) The heat transfer performance for each rib will 
increase when the H/B ratio decreases. This tendency 
can be reasonably explained by the increase of flow 
acceleration in the effective contraction passage of the 
channel with decreasing H/B ratio. 

(3) The effect of convective heat flux on rib heat 
transfer performance is insignificant; on the other 

hand, the effect of channel inlet velocity is significant, 
the heat transfer performance increases with increas- 
ing channel inlet velocity. This observation agrees to 
what is physically expected in forced convection. 

(4) The greatest Nusselt number occurs at the rib 
immediately downstream of the promoter. With 
increasing upstream or downstream distance of the 
heating rib from the promoter, the extent of the heat 
enhancement gradually drops off. 

(5) The t/H effect is, compared with the effect of 
promoter location, more significant on heat transfer 
performance. The Nusselt number will increase when 
the t/H ratio increases. 

(6) Nu depends on Re as a 0.55 power for cases 
with a specified H/B ratio. In addition, Nu is inversely 
proportional to the H/B ratio with a 0.75 power 
dependence. 

(7) Empirical correlations related to Nu, Re, H/B, 

t/H and (,j- LP) are proposed, and the average rela- 
tive deviation between the experimental data and the 
predictions is 5.3%. 

(8) As compared with the effect of promoter 
location, the t/H effect on overall channel pressure 
drop is more significant. The coefficient of pressure 
losses C,, increases with increasing t/H ratio. 

(9) If both the standpoints of heat transfer enhance- 
ment and pressure drop are simultaneously 
considered, the use of promoter may not be valuable 
for higher t/H cases. If more emphasis is put on 
enhancing heat transfer performance and preventing 
the occurrence of hot spots from the heating process 
in the rib-heated channel, the present installation of a 
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turbulence promoter is better than those studied in 

existing literature. 

tronic equipment and devices. In Advances in Heat 
Transfer, Vol. 20, pp. 181-314. Academic Press, New 
York (1990). 
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UNE DISPOSITION EFFICACE DE PROMOTEURS DE TURBULENCE POUR 
L’ACCROISSEMENT DE TRANSFERT THERMIOUE DANS UN CANAL 

VERTICAL CHAUFFE ET RAINURE 

R&sum&On etudie en detail l’effet de parametre comme la largeur du canal, le flux thermique, la vitesse 
d’entrte, la disposition du promoteur de turbulence et la hauteur sur les performances de transfert de 
chaleur et la perte de pression dans un canal vertical rainure et chauffe. De plus les nombres de Nusselt 
par rainure et global et le coefficient de perte de pression C,, sont correles et present&s en fonction des 
parametres sans dimension. Les resultats exptrimentaux montrent que I’installation du promoteur de 
turbulence sur la paroi isolee opposee peut effectivement accroitre les performances du transfert thermique 
des rainures dans le canal et supprimer les poches chaudes qui peuvent exister dans le regime en quasi- 
Cquilibre a haute temperature. Considtrant a la fois les aspects thermiques et dynamiques, NU et C, 
augmentent ensemble quand le rapport t/H de la hauteur du promoteur a la largeur du canal croft. Cette 
tendance est cohtrente avec les niveaux accrus de la perturbation de l’tcoulement et du melange par 

turbulence c&s par les rainures et le promoteur de turbulence. 
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EINE WIRKSAME ANORDNUNG VON TURBULENZERZEUGERN ZUR 
VERBESSERUNG DER WARMEUBERTRAGUNG IN EINEM SENKRECHTEN, 

DURCH RIPPEN BEHEIZTEN KANAL 

Zusammenfassung-Der Wlrmeiibergang und der Druckabfall in einem senkrechten durch Rippen 
beheizten Kanal wurde in der vorliegenden Parameterstudie eingehend untersucht, wobei die Kanalweite, 
die konvektive Wlrmestromdichte, die Geschwindigkeit am Eintritt in den Kanal sowie Ott und Hiihe der 
Turbulenzerzeuger systematisch variiert wurden. ZusHtzlich werden die Nusselt-Zahl fiir den ganzen Kanal 
und der Koeffizient fur den Druckabfall C, korreliert und abhangig von den wesentlichen EinfluS- 
parametern dargestellt. Die Versuchsergebnisse zeigen, da5 durch Turbulenzerzeuger an der gegen- 
tiberliegenden isolierten Wand des senkrechten durch Rippen beheizten Kanals der Wlrmeiibergang an 
dieser Berippung wirksam verbessert werden kann. AuBerdem werden HeiDstellen vermieden, die im 
Hochtemperaturbereich unter Quasi-Gleichgewichtsbedingungen auftreten konnen. Betrachtet man 
gleichzeitig die W&me- und die Impulsiibertagung, so nehmen Nu und C, mit wachsendem Verhaltnis 
aus Hohe des Turbulenzerzeugers und Kanalweite (t/H) zu. Diese Tendenz stimmt mit der verstlrkten 
Stiirung der Stromung oder mit der turbulenten Mischung iiberein, welche durch die hervorstehenden 

Rippen und die eingebauten Turbulenzerzeuger hervorgerufen werden. 

3@@EKTRBHOE PACIIOJIOEEHMB TYPEYJIA3ATOPOB C UEJIbIo 
HHTEHCkiWiKAIJHH TEIIJIOIIEPEHOCA B HArPEBAEMOM BEPTkiKAJIbHOM 

OPEEPEHHOM KAHAJIE 

Assoraqn~IIpoeo~Tcr neranbnoe m2cnenonanWe muinmia ratcrix napaMerpoa, xax paccronmie 
Memsy crerixahfn xariana, ROHB~ICTHBH~I~~ TennoB noTo~, crcopocrb Ha nxone B raHan,aTaKxe pacno- 

no~e~se~abICo~br~yp6yna3a~opo~~axapa~~ep~c~a~~~ennonepe~ocawconpo~asne~~ea~arpesae- 
MOM BepTHKEWbHOM Ope6peHHOM KaHkUIe.YCTaHOBJIeHO COOTHOIIIeHHe MeXUly gHCJIaMH HyCCUIbTa AJIK 

ope6peHHofi B BCek nOBepXHOCTH KaHa.lIa H K03@HUHeHTOM COnpOTHBneHH,, B KaH&,Ie C,, KOTOpble 

npencTaBneHbI~epe3COOTBeTcTBywI4ie riccnenyeMbre 6e3pa3MepHAle napahfeTpbt.3KCnepnMeHTanbHue 

JGiHHble nOKFL3bIBZilOT,STO yCTaHOBKa Typ6yna3aTopa Ha npOTHBOnOJIOXUiOti 3KpaHHpy,O,,Jefi H3OJIHpO- 

B~HHO~~ cTeHKe B paccMaTpsBaeMoM KaHane MOTET ~I#+KTHBHO noBbuiTb ~02 xapaKTepHcwKH nepe- 

HOCa TelLUa OT pe6ep II IlpejIOTBpaTHTb nOIIBJIeHHe CBJIbHO HWpeTbIX y%iCTKOB, XapaKTepHbIX llJIn 

nEBAOpaBHOBeCHOr0 BbP2OKOTeMnepaTypHOrO peXCUMa. B CJly%le OZJHOBpeMeHHOrO yWTa TelIJIOBE.,X H 

L,HHaMH'IeCKHXXapaKTep%ETHK3Ha'SeHHK Null C, BO3paCTaIOTCyBeJIHYeH~eM OTHOUIeHUIl BbICOTblTyp- 

6ynH3aTopa K paCCTOKHEiE0 MeWlyCTeHKaMB KaHaJla t/H. 3Ta TeWeHIIWl Ha6imonaeTCK OaHOB&EMeHHO 

c yBeneveHHeh4 cTeneHn B03MyLUeHHII noToKa anu Typ6yneHTHOrO ch4eweHq BbI3BaHHoro Bbmynalo- 


