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November 30, 1978

Director, Power Branch
Material Sciences Division
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-- — Depar tmen t -of the Navy-— —
~~~~~~
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Power Program, Code 473
800 North Quincy Street
Arlington , Virginia 22217

Re: Annual progress report for the period September 1, 1977

through November 30, 1978 on contract No. N00014—76—C—0246.

During the above mentioned period, work was carried out in

two research phases. The progress obtained in those is discussed

below. Publications and theses which have resulted from this

research are listed in the Appendix. Copies have been forwarded

to your office or will be mailed as soon as they are available.

The following faculty members are involved in this research:

E. R. G. Eckert, R. J. Goldstein, and E. M. Sparrow.

INTRODUCTION

Our research during the above mentioned period has been directed

to marine gas turbine applications. Heat exchangers are important

components in such power plants. They can, for instance, increase

the ef ficiency and , therefore, reduce the fuel consumption when

they are inserted into the power cycle. On the other hand , such

heat exchangers increase the weight of the plan t and it  is important

to reduce their siz. as much as possible .

Compact types of heat exchan gers which have been developed by

induatriei minimize the surfac. area required to transfe r a pre—

M
- - - - - -. a~~~~~~~ta’~~-.. - - -- - .



~r T~~~ ~—~ -~:_____ 
_ _ _ _ _

I 
•
~

2

scribed amount of heat and reduce in this way size and weight.

Various shapes of heat transfer surfaces have been developed for

this process. This has been done empirically and the individual

surfaces have not yet been optimized. One phase of our research

effort is directed toward this goal by accurate and local measure-

ments which will result in a basic understanding~~f thë flow ind

heat transfer processes involved.

The required surface area of heat exchangers can also be

reduced by impingement cooling. Other applications are the cooling

of turbine blades and combustion chambers. In this method the cool-

ing fluid is directed towards the heat transfer surface in the form

of jets. The impingement of these jets, as well as the turbulence

generated in this way, increase the heat transfer and reduce, there-

fore, the required surface area. A research phase has therefore been

devoted to a study of the local heat transfer processes associated

with this cooling method.

Research aimed towards the measurement of the turbulent fluctua-

tions and the turbulence intensity at the exit of gas turbine corn—

bustion chambers has been underway for some years. Results obtained

in this study are also included in this report. A more extensive

report discussing the results is in preparation.

I
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Impingement of a Multiple Array of Circular Air Jets

The impingement of an array of air jets on a surface of dif—

ferent temperature can provide an effective means of cooling or

heating that surface . There is , therefore , considerable interest 
-
~~~~~~

In usin~~- -t~ i-s-- - -~ rocess i~~a ~~~bár of~ ~~~ustria1 applications ,

including heat exchangers and the cooling of electrical equipment

and of gas turbines.

Many studies have been devoted to heat transfer caused by im-

pingement of a single jet and more recently, under the sponsorship

of ONR at the University of Minnesota, from a single jet with cross

flow. In addition, some overall heat transfer results have been

published for impingement of multiple jets. However, virtually no

studies are known dealing with detailed local heat transfer distri-

butions on a surface on which a two—dimensional array of jets

impinges. It is to fulfill this gap in our knowledge on impinge-

ment heat transfer that the present study was undertaken.

The apparatus used for this research is shown schematically in

Fig. 1. It consists of a channel with rectangular cross section

closed on the Lefthand end. An array of five rows of holes is pro-

vided in the upper wall. The holes are staggered and their centers

are located at the corners of equilateral triangles. Air is fed

into the channel by tubes with their axis orientated normal to the

walls and ending in orifices with a length equal to their diameter.

The air jets leaving the holes impinge on the lower wall which is

electrically heated to a locally uniform heat flux. The air injected

through the holes leaves the channel in the direction to the right.

The important geometric parameters are the diameter D of the holes, 

.— —- —-  — — - —  ~~~ —— ~~ —~~
.-—

— - - -
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the distance S between neighboring holes, and the distance L of

the heated plate from the holes. Provisions are made to change

these parameters. The jet Reynolds number can also be varied.

—--- -— Local -- ternperatureS ôi~iThi lo~ir heated wall measured by thermo-

couples, the heat flux, and the jet air temperature determine

the heat transfer coefficients.

Initial measurements showed that the relation describing

heat transfer on the heated plate can be presented in a simple

way when the heat flux q per unit time and area is defined by the

equation:
q = h(T

~
— Tad) (1)

in which Tad is the local temperature of the upper wall surface

under the condition that it is not heated. T
~ 
denotes the temper—

ature at the same location when the wall is heated and h denotes

the film heat transfer coefficient. The formulation of Eq. 1 makes

the heat transfer coefficient independent of the temperature differ—

ence between the heated wall and the air jets. The heat transfer

coefficient is conventionally presented in a dimensionless form as

Nusselt number

• 
N u = h ~ - (2)

where k denotes the thermal conductivity of the air.

Some examples of the results obtained in this study are pre-

sented in Figs. 2 through 5. Figures 2 and 3 present the tempera—

ture difference T~çTj~~ as a function of the dimensionless location

x/D, where x denotes the distance measured in downstream direction

from the first row of holes (counted from left in Fig. 1). The adia-

batic wall temperature and the wall temperature Tw are measured along

_ _ _ _ _ _  ~~~~~~~ ~~~~~~
_
i~~~~~~

_
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a line starting at a point vertically below the center of a hole

in the first row. The ratio L/D has the value 2 in rig. 2, and

5 in Fig. 3. The rest of the parameters has the same values in

both_figures. It is interesting to ~9te ti~~t the te~~ ? x & f~~~
__

ference Tad — Tjet has negative values at the location of the holes

indicated by arrows in Fig. 2, whereas it has positive values in

Fig. 3.

Local Nusselt numbers are presented in Figs. 4 and 5. In

• these figures the ratio LID has the value 5 and the jet Reynolds

number has the value 15000. The ratio S/D is 8 in Fig. 4 and 4 -

in Fig. 5. Nusselt numbers are presented as measured along three

lines in downstream direction. For the location 0, the line

starts at a point vertically above the center of a tube of the

first row. For location 2 the line starts at a point vertically

below a point half—way between two holes of the first row. At

location 1 the line starts at a point vertically below a point

midway between location 0 and 2. Arrows on the abscissa indicate

the location of the row of holes. It is interesting to observe

the maxima of the heat transfer coefficients which obviously occur

at the point of impingement of the jets. The value of the maximum

decreases in downstream direction (in the figures from left to

right). The heat transfer coefficients are quite high testifying

to the advantage of using this cooling method.

— 

~~~~~~~~~~~~~~~~~ 
_
~~~:~~~~TT ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~-~~~- 
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Turbulence Measurements at the Exit of Combustion Chambers

The measurements of the turbulence characteristics at the

exit of combustors of gas turbines have been completed. A report
-

~~~ and a paper describing the results is being prepared. ~~~~~~LTfei~~
ent combustors were used. One has a simple premixed flame in a

2 in. diameter burner. The other is a combustor typical to those

used for VTOL applications. A special laser—Doppler anemometer

was designed which includes frequency shifting. It was used to

determine velocities and their fluctuations in. axial direction.

The time averaged velocity ~ and its fluctuations described by

the mean value u’, were determined at various positions downstream

of the combustor exit and across the exit cross section.

Examples of the results are shown in Figs. 6 and 7 for the

2 in. burner and in Fig. 8 and 9 for the VTOL combustor. The

values in the figures have been measured on the center line of the

combustor. Measurements were taken without combustion (indicated

by the subscript c) and with combustion (indicated by the subscript

h). The abscissa in Figs. 6 and 8 is the air—to—fuel ratio A/F,

the abscissa in Figs. 7 and 9 is the Reynolds number at the exit

of the combustor based on the time mean center line velocity ~~,

the diameter D of the exit cross section and the kinematic vis-

cosity v at the respective temperature. The data points in Figs.

6 and 8 present the ratio u h/u c of the fluctuating velocities

for hot and cold condition and the ratio u’ /L1 of the fluctuatingh h
velocity to the average center line velocity for hot condition,

referred to as turbulence intensity.

One observes that the velocity fluctuations are larger in the

_ _ _ _ _  _ _ _ _ _ _ _  ~~~~Ti~ — — ~~~~~~~~~~~~~~~~~ -~~~~~~
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hot stream than in the cold one for both combustors. They are

fairly independent of the air—to—fuel ratio for the 2 in. burner

but decrease strongly with increasing fuel ratio for the VTOL

combustor. The turbulence intensity for the hot stream decreases

~~~~~~~ti rtly-w~-th--ai 4ue tjQ, It has a vaiue of around 14% for

the 2 in. burner and around 17% for the VTOL combustor.

Figures 7 and 9 compare the turbulence intensities for hot

and cold flow on the basis of Reynolds number. A remarkable dif- 
-

ference can be observed in the behavior of the two combustion

chambers. The turbulence levels are practically equal for hot and

cold flow in the 2 in. burner. They are,on the other hand, very

different for the VTOL combustor because very large turbulence

intensities, up to 40%, occurin the cold flow. This is probably a

consequence of two factors. The mass flow is larger for cold flow

condition than for the hot flow condition even if the Reynolds

number is the same. The combustion processes also cause an accel-

eration of the flow from the entrance to the exit of the combustor,

a condition which generally leads to lower turbulence levels.

The measurements described above have been taken in combustion

gases at temperatures above 400°C, at flow rates up to 70 m/s, and

at unusually large turbulence intensities. It has, therefore, been

demonstrated that,with proper design ,laser—Doppler anemomentry can

be used for measurements in highly fluctuating hot gas flows.

_ _  _ _ _ _ _ _  _ _  _ _
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Interrupted Wall Passages

The use of periodic interruptions in plane, flow-aligned heat transfer

surfaces is a cosanonly used technique for increasing the heat transfer

coefficients in heat exchange devices. These surfaces may be viewed as a

succession of colinear plate segments oriented parallel to the flow, with gaps

between the successive plates. Alternatively, they may be regarded as

periodically interrupted walls, and the designation , interrupted-wall passages,

will be employed here to describe flow passages bo~~ded by such surfaces .

Practical examples of periodically interrupted heat transfer surfaces include

strip f ins and offset fins. Information about the heat transfer- -pressure drop

characteristics of interrupted-wall passages has, in the main, been confined to

overall coefficients obtained from tests on either actual or large-scale models

of heat exchangers . While this information is of direct applicability in the

design of certain specific types of interrupted-wall heat exchangers , it does

not provide insights into the f~.nidamental processes that occur within the

individual flow passages. The fundamental studies of interrupted surfaces which

have appeared in the literature have been limited to a pair of co-linear plates

aligned parallel to the flow direction .

If , instead of two plates , there was an array of nunerous , equally spaced

co-linear plates aligned parallel to the flow, then, at sufficient downstream

distances , a special type of fully developed regime would be established. This

regime is characterized by identical developing boundary layers on successive

plates and , in addition, by identical flow fields in the successive inter-plate

spaces. Such a ful ly developed regime is fundamentally different from the regime

of unchanging velocity profiles that characterizes fully developed duct flows.

The new type of regime has been referred to as periodic ful ly developed. The
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periodic ful ly developed flow admits a periodic therma~ ly developed regime.

If the successive plates are at the same uniform temperature, a suitably

defined per-plate heat transfer coefficient should Lecosne constant at suf-

ficient downstream distances.

The thermal development and ultimate attainment of the periodic fully

developed regime has been experimentally investigated here for a co-linear

array of plates that is shown in photographic view in Fig . 10. As seen there,

the multi-plate array is situated in a flat rectangular duct (the top wall of

the test section has been removed to reveal the plates). To facilitate the

research , mass transfer experiments were performed rather than direct heat

transfer experiments, and the mass transfer results were converted to heat

transfer results via the well-known analogy between the two processes . Th~’
naphthalene sublimation technique was used for the mass transfer experiments

and, correspondingly , each, test plate consisted of a thin naphthalene coating

which enveloped a metal substrate. According to the heat/mass transfer analogy,

the thermal boundary condition for heat transfer plates that would correspond

to the plates of the present mass transfer experiments is uniform wall temper-

ature. Air was the working fluid for the experiments .

In addition to the mass transfer studies, axial pressure distributions were

measured to determine the pressure drop associated with the presence of the

multi-plate array . These results are made dimensionless with respect to the

velocity head.

The heat (mass) transfer results will now be presented . The dimensionless

mass transfer coefficient is the Sherwood nunber , which corresponds to the

Nusselt nunber for heat transfer . Furthermore , the Schmidt nunber Sc for mass

transfer corresponds to the Prandtl nunber for heat transfer . With the aim of
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generalizing the results , the quantity Sh/Sc0 4  will be presented rather than

Sh itself. Furthei,nore, in vi ew of the analogy between heat and mass transfer ,
the numerical values of Sh/Sc0 4  will be regarded as being equal to Nu/Pr0 4 .

The ordinates of the forthcoming figures will be labelled with both quantities ,

and in the discussion the phrases heat transfer and mass transfer will be used

interchangeably.

The heat/mass transfer results will be presented as a function of two

parameters , the Reynolds number Re and the ratio of the plate thickness t to

the plate length L. The spacing between the successive plates is equal to the

plate length.

The plate-by-plate development of the heat transfer coefficient is presen.ted

in Fig . 11, where Nu/Pr~~
4 and Sb/Sc0 4  are plotted as a function of the plate

number (1 and 8 respectively denote the most upstream and most downstream plates) .

The figure contains four sets of data , each of which corresponds to a given

Reynolds number in the range fran 13,600 (upper part of graph) to 1,000 (lower

part of graph). To facilitate their identificaiton , the data points for the

successive sets are alternatively blackened or unblackened. Within each set ,

data are given for three thickness-length ratios t/L equal to 0.04 , 0.08 , and

0.12.

The figure shows an orderly thermal development whereby, subsequent to the

second plate , the heat transfer coefficient decreases monotonically and then

attains a constant , fully developed value. At the two higher Reynolds numbers,
the thermal development becomes less rapid as the plate thickness decreases ,

and this trend persists in an overall sense for the third Reynolds number . For

the lowest Reynolds number, a different pattern is in evidence. It appears that

the flow passes from turbulent to transitional to laminar with decreasing plate

thickness. The transitional distribution curve for t/L = 0.08 was found to be

i

i 

_  _  _
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highly reproducible, so that data from a pair of repeated runs could not be

distinguished from each other within the scale of the figure. In general,

thermal development is attained at or prior to the eighth plate for the cases

studied here . Since the fully developed values are the ones that are most

relevant to practice , attention will now be focused on how they depend on

Reynolds number and plate thickness.

The influence of plate thickness is presented in Fig. 12, where the fully

developed Nusselt number is plotted as a function of the thickness-to-length

ratio t/L for parametric values of the Reynolds number. The figure shows that,

in general, the Nusselt number increases with increasing plate thickness. The

increase is most dramatic at the lowest Reynolds number as a result of the

thickness-induced change in flow regime (i.e., the t/L 0.04 plates are in the

laminar regime , and the t/L 0.08 and 0.12 plates are in the turbulent regime) .

With this laminar-turbulent transition, there is an increase of 65 percent in

the Nusselt number as t/L varies from 0.04 to 0.12 at the lowest Reynolds number.

If , however, the flow had been -turbulent for all three plate thicknesses (dashed

line), the thickness effect would be only about 12 percent.

At higher Reynolds numbers , the flow is turbulent for all of the plate

thicknesses investigated here , so that transition is not a factor. The thickness-

related increases in the Nusselt number are about 20 percent for Re = 3,900 and
about 40 percent for Re 8 ,200 and 13,600.

The variation of the fully developed Nusselt number with the Reynolds number

is plotted in Fig . 13 on logari thuic coordinates , with the t/L ratio serv ing to

parameterize the data . As expected, the Nusselt number increases markedly with the

Reynolds number. Within the muall scatter of the data , a straight line representa-

tion appears to be adequate except at the smallest thickness. There , the rapid

drop-off at the lowest Reynolds number is suggestive of laminar f]~ow.

I--- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
________________________________
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The main message to be conveyed by Fig. 13 is the augmentation afforded by

the interruptions. To this end, a short line segment (Re > 10,000) correspond-

ing to the Dittus-Boelter (D B) equation has been plotted . If the D-B equation

is accepted as representing the ful ly developed turbulent Nusselt number for a

continuous-walled duct then it is seen that the presence of the interruptions

gives rise to increases in Nusselt number on the order of a factor of two. This

two-fold increase in Nusselt number enables a given heat load to be accaiii~dated

with only half the surface area of a continuous-walled duct, thereby resulting

in substantial materials savings. With regard to turbulent flow at Reynolds

numbers less than 10,000 , it does not appear that there is a reliable correlation

equation for duct-flow Nusselt nun~,ers which can serve as a basis for comparison.

Therefore , the augmentation afforded by the interruptions cannot be estimated at

this time.

The pressure distribution along the duct is shown for a typical case in

Fig. 14. In this figure , the static pressure is plotted against the dimensionless

axial coordinate x/L , where L is the plate length. The axial stations correspond-

ing to the beginning and end of the multi-plate array are indicated in the figure.

As can be seen from the linear pressure distribution , the flow upstream of the

array is hydrodynamically developed . Furthermore , hydrodynamically developed flow

is re-established downstream of the array . The slopes of the upstream and down-

stream pressure distributions are the same.

In the absence of the array , the upstream and downstream pressure distribu-

tions would lie on a continuous straight line. The vertical displacement of the
upstream and downstream lines that is in evidence in Fig. 11. is , therefore , due

to the presence of the array and is denoted by 1~Parray~ Specifica lly , 
~~array

is the pressure drop that is over and above that which would otherwise exist in

the duct in the absence c.E the array . For-a dimensionless representation of the
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array pressure drop, the velocity head (l/2)pV2 is employed, so that a
- dimensionless pressure loss coefficient is given by

a 
~~ar a ’~~1’2~~ 1~

2

Numerical values of are listed in Table 1.
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Papers published, presented, or accepted for publication

1.) M. Y. Jabbari and R. J. Goldstein : “Effect  of Mainstream
Acceleration on Adiabatic Wall Temperature and Heat Transfer
Downstream of Gas Injection,” presented at the 6th Inter-
national Heat Transfer Conference, Toronto, Canada, August,
1978, published in Conference Proceedings as Paper No. 134.

2.) R. J. Goldstein, V. L. Eriksen and J. W. Ramsey: “Flow and
Temperature Fields Following Injection of a Jet Normal to a
Cross Stream,” presented at the 6th International Heat
Transfer Conference, Toronto, Canada, August, 1978, published
in Conference Proceedings as Paper No. 133.

3.) K. Kadotani and R. J. Goldstein: “Effect of Mainstream on
Jets Issuing from a Row of Inclined Holes,” presented at the
1978 Gas Turbine Conference, London, ASME paper 78—GT—138.

4.) S. Ito, R. J. Goldstein and E. R. G. Eckert: “Film Cooling
of a Gas Turbine Blade, Trans. ASME, J. Engineering for Power,
100, (1978), pp. 476—48l.

5.) N. Cur and B. M. Sparrow: “Experiments on Heat Transfer and
Pressure Drop for a Pair of Colinear, Interrupted Plates
Aligned with the Flow,” International Journal of Heat and Mass
Transfer, 21, (1978) pp. 1069—1080.

6.) N. Cur and E. M. Sparrow: “Measurements of Developing and
Fully Developed Heat Transfer Coefficients Along a Periodically
Interrupted Wall,” Journal of Heat Transfer, accepted for publi-
cation.
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Table l

Pressure Loss Coefficient K~ for Eight-Plate Array

t/L 1,100 3,900 8,200 13,600

0.04 0.631. 0.~ O0 0.365 0.335

0.08 0.861 0.609 0.573 0.472
- 

0.12 1.060 0.814 0.792 0.752
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