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Preface

The purpose of the study was to determine if corona wind enhances heat
transfer rates within an enclosure. Numerous studies have been conducted
concerning electrostatic cooling. However, there has been very little work
which considered how effective electrostatic cooling might be for an
enclosed cavity. | chose to study this effect because it was an area of
research that was new and, perhaps, | would be able to make a meaningful
contribution.

This area of study is wide open for additional research. During my study |
found that there are many unanswered questions in this field which need
further attention. | have suggested some testing ideas at the end of this
report which might help provide answers to those questions. | encourage
anyone interested in electrostatics or heat transfer to pursue the topic |
have chosen. There are numerous opportunities to make a truly original
contribution to the field.

This thesis could not have been completed were it not for the help of
several very special people. First, | woula like to thank my advisor,
Professor Milton Franke, for suggesting this topic and providing timely
advice and encouragement. | wish to express my thanks to Professors James
Hitchcock and William Elrod for their help. Special thanks aiso go to the
AFIT fabrication shop, headed by Mr. Cari Shortt, and the technicians of the
Astronautical Engineering Department, under the direction of Mr. Nicholas
Yardich. | would like to especially recognize Mr. Jay Anderson for his

enormous help in setting up the tests. Most of all, | want to express my
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gratitude to my wife Deboran and my son David. They contributed more than

they realize with their loving encouragement, understanding, and patience.

Donald D. Dyer, Jr.
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Abstract

Experiments were conducted to determine the effects of corona wind on

2 @A ER (.

heat transfer rates for enclosures. Tests were performed with an enclosed

cavity heated on the bottom and cooled on the top (and vice-versa). A corona

wind was established inside the cavity by applying high voltages to 0.004

Y
L]

e

inch diameter chromel wires placed along the hot and cold surfaces of the
cavity. Tests were conducted using both positive voitage potential and
negative voltage potential to create the corona discharge. Different wiring

configurations were used to establish a variety of flow patterns inside the

cavity.

"

The heated surface heat transfer rates were calculated for each of the

test configurations with and without corona. These heat transfer rates were

L

determined when the corona discharge was present and compared to the

rates found when the discharge was not present. Comparing these transfer

X

rates revealed how much the corona wind augmented the heat transfer
process. Results showed corona wind can increase heat transfer rates inside

an enclosure by almost four times the rates attained without the corona

%% 1B

discharge for the wire configurations investigated.
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EFFECTS OF CORONA ON
COOLING FOR AN ENCLOSURE

L_Introduction

when an intense electric fieid is applied to a very thin wire, the fiuid
near the wire becomes ionized. Since these ions have the same charge as
the wire, a flow is created as these ions move from the charged pole to
ground. As the ions move through the fluid they collide with neutral
molecules producing a low velocity flow within the fluid known as the
corona or electric wind. This induced flow has proven to increase free
convection heat transfer rates up to eight times the rate without the

electric field (1:44). This paper investigates the effect of electrostatic
cooling in a rectangular enclosure.

Background
Numerous studies have shown that corona wind can enhance convective
heat transfer rates. One of the first to discover this effect was Senftleben
(2) who revealed his discovery in the early 1930's. Although there were a
few patents developed from this concept (3,4), serious study did not begin
to flourish until the 1960's.
The studies of the 1960's provided much of the groundwork for

electrostatic cooling theory which continues to the present. One of the
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early pioneers was Velkoff (5-10) who studied flat plates, channel flows,

and other configurations using electrostatic cooling. O'Brien (11) showed

how pressure and working fluid composition effected electrostatic
cooling. Franke (12,13) showed the flow patterns, induced by an
electrostatic field around a vertical flat plate and a verticai cylinder. The
paper by Velkoff and Kulacki (14) provides a review of previous work done in
the field of electrostatic cooling.

Ostrach (15) presents a review of heat tranéf er studies in enclosures.
Many of the studies on rectangular enclosures have considered the case of
heat transfer with the vertical side walls maintained at different
temperatures. Batchelor (16,17) studied this configuration and found the
effect of Rayleigh number and height-to-width ratios on internal flows. He
concluded that for smail Rayleigh numbers, or large height-to-width ratios,
most of the heat was transferred by conduction (i.e. convection was
negligibie). Wilkes (18) studied a square enclosure heated on a vertical wall
and cooled on the opposite wall for a Rayleigh number on the order of 102,
His numerical analysis revealed the isotherms were essentially horizontal
lines away from the vertical boundary layers and showed the existence of a
relatively stagnant core. Experiments by Elder (19) confirmed the stagnant
core hypothesis. A numerical study by Vahl Davis (20) also showed
horizontal isotherms in heated enclosures with small Rayleigh numbers.

Although there have been numerous studies on electrostatic cooling and
heat transfer in enclosures, little work has been done in an attempt to
consider the effect of electrostatics on heat transfer in enclosures.
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Objective

The objective of this research was to determine experimentaily the effect
of a corona wind on the convective heat transfer rate within a rectangular
enclosure with optical glass at each end. An interferometer was used to
provide qualitative data to determine the types of flow patterns developed
by different heater configurations and corona intensities. The change in
heat transfer rates due to the corona was determined by comparing the heat
transfer rates with and without a corona wind inside the enclosure.

Approach

The enclosed cavity was heated from above or below (depending on the
configuration being tested) and the heat transfer rate into the cavity was
calculated from temperature measurements during tests under steady-state
conditions. The heat conducted from the heater plates into the cavity was
used as the baseline from which comparisons in the heat transfer rate were
made for tests with and without the corona discharge present in the cavity.
when corona discharge was established inside the enciosure, the
temperature of the heated plate was reduced. The temperature drop was
attributed to corona wind cooling. Heat transfer equations were used to
calculate the heat transfer rates and an energy balance was used to ensure
all energy losses were considered.
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1L _Experimental Apparatus

- S o

The overall effect of corona discharge on the heat transfer rates inside a
rectangular cavity with a square cross section was studied with the aid of
several pieces of equipment. The equipment may be grouped into five
catagories: 1) rectangular cavity, 2) heating system, 3) cooling system, 4)
high voitage supply, and 5) interferometer. Because of the high voltages
involved in this experiment, insulating materials were chosen whenever
possible. Details about each of these catagories are described in the

paragraphs that follow.

L

&z e

Bectangular Cavity
The walls of the rectangular cavity were made from 5/16 in thick

phenolic (Insurok) plates. The phenolic plates were assembled into a
4% 4x 10 1/2 in cavity, Fig. 1. The four sides of the cavity were attached
with nylon screws so the upper and lower plates could be easily removed for
modifications. Three corona wires (0.004 in dia,, Chromel) were spaced | in
apart along the top and bottom surfaces inside the cavity. Bolts were used

G O

¥ as terminals to connect the corona wires to the high voitage source.
= Bakelite plates (4 x 1| x 1/8 in) were used to insulate the high voltage
a terminals from the metalic heater plates and water jacket. Eight Type J
.. (iron-constantan) thermocouples were used to measure the temperature of
“ the top and bottom cavity surfaces. The thermocouples were positioned in
% holes (1/32 in dia) drilled into the back of the top and bottom phenolic

plates to within 1/32 in from the inside surface. The thermocouple

readings were used to estimate an average plate temperature for the hot and
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water jacket

phenolic
plates

heater plates

Fig. 1. Depiction of Phenolic Cavity With Corona Wires, Heater Plates,
Water Jacket, and Terminais

cold cavity surfaces, Fig. 2. The cavity was enclosed at both ends by 1/4 in
optical glass. The glass pieces were placed in plexiglass bulkheads which
attached to the ends of the cavity with plexiglass clamps and nylon screws.

The entire cavity was wrapped with fiberglass insulation to minimize heat
losses through the side piates of the cavity.

Heating System

A set of five heater plates, Fig. |, was attached to the outside surface of
the phenolic cavity and used as the heat source. Each heater plate was 10 in
long and 3/4 in wide and used nichrome wire as the heating element.
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Fig. 2 Top View of Hot/Cold Phenolic Surface Showing Thermocouple
Placements
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The heater plates were held together by a piece of phenolic and each plate
had its own electrical outlet. Two plexigiass U-joints (1 in wide and 3/4 in
thick) were used to hold the heater plates against the test cavity. The

o< R

power to the heater was controlled by a transformer which provided the

<

ability to adjust the heater power. The heater piate wires had a resistance
of 82.3 ohms. A digital muitimeter was used to measure the current applied
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to each heater plate. From these readings, the total power applied to the
heater plates was determined.

Cooling System

A copper water jacket was used to provide cooling for the top or bottom
surface of the test cavity, Fig. 1. The water jacket was made from 1/16 in
thick copper plates 4 in wide and 10 in long. The two plexiglass U-joints
used to hold the heaters in place were also used to hold the water jacket
against the phenolic outer wall (the wall opposite from the heater plates).
Tap water, used as the coolant, was routed through the 1/8 in spacing
between the copper plates. Guidevanes, spaced | and 1/3 in apart, were used
to prevent stagnation of the water inside the water jacket. The water was
piped into and out of the water jacket through a plastic hose with a 1/4 in
inside diameter and a 1/2 in outside diameter.

High Voitage System

The high voltage power supply provided the voltage necessary to produce
the corona discharge. The corona discharge was formed around the small
diameter wires (0.004 in dia,, Chromel) which were placed along the inside
of the phenolic cavity (see Fig. 1). These wires were connected to high
voltage lead wires at metalic terminals. Three wires were placed on both
the hot and cold surfaces of the cavity. The power supply is capable of

producing up to 30 kilovoits DC with either positive or negative voitage
potential.

------
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Interferometer

A Mach-Zehnder interferometer was used to estimate the fiow patterns
developed with the different test configurations from the interferometer
fringes. The spacing and orientation of the fringes were controlled by
adjusting the mirrors. Two 1/4 in optical glass plates were mounted in the
reference section to compensate for the optical glass used to enclose the
test cavity. A 100 watt mercury vapor lamp was used for the Jight source.
The light was passed through a 77A Wwratten filter (5461 Angstroms) to
provide monochromatic light. Details of the interferometer alignment are
given in Appendix C.
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This research considers the effect corona discharge has on the rate heat

is being transferred into the enclosed cavity. In order to study this effect,

25 RS

it is necessary to isolate the primary surface across which heat is being
transferred into the cavity. The test apparatus is divided into two separate

contro! volumes, Figs. 3 and 4, to isolate the surface of interest, Q.a,.

Under steady-state conditions, for each control voiume, the heat transferred

Lo

in must equal the heat transferred out.

25

Phenolic Fiberglass
Plates Insulation

/YN

'5!0

S

Fig. 3. Control Volume Defining Heater Plate System

Heater Plate System
The control volume in Fig. 3 is referred to as the heater plate system.

x4

5*5 The heat losses from the heater plate system are shown in Fig. 3; therefore,
:3
‘ 9
e
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the total heat transferred out is

Qout = 2 @he(c) * Ohe(r) * 2 Qfns(c) * Oths(r))

* Q@pnce) * Otnery) * 2 Q¢ * Qcay (1)

The heat transfer rate to the heater plate system is the power applied to

the heater plates. The rate energy is supplied to the heaters is
.2
Qin = 1“R (2)

Applying an energy balance to the heater plate system (for steady-state
conditions) gives

Oin = QOUt (3)

or, substituting from Equations (1) and (2):

2n = + + +
1R =2 Qpe(c) * Anery) * 2Qrns(c) * Arns(r))

* @yn(ey * Qrpery) *+ 2Qr + Qgyy (4)

The terms on the right side of Equation (4) are calculated using the basic
heat transfer equations:

Q =Kk A AT/ 4X (3)
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Q=hAAT (6)

Q=0 eAT4-T,0pd (7)

where Qna(c) and Q.5 are calculated from Equation (5); Qppg(c) @nd Qpp(c)

are caiculated from Equation (6); and Qpa(r), Ofng(r)s 3Nd Qpppy 2are

caiculated from Equation (7). The thermal conductivity for phenolic is 7

times greater than for fiberglass; therefore, most of the heat transfer along

the top of the control volume, Fig. 3, is into the cavity and Q¢ is assumed to

be negligible. This assumption is proven to be valid in the Results section.

The convection coefficient, h, in Equation (6), is a function of the
orientation of the surface where the convection takes place. Values for h

were abtained from the equation given by Hsu (21:384-385):

h =0 (T-T )27 (8)

where b is 0.20 for a horizontal plate facing downwards, 038 for a hiahls

- RPN A N
L. & tatr 0,

.'1’, ’j [N . .'

3 FF - T e b

norizontal plate facing upwards, and 0.28 for a vertical plate iess than one
foot high.
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Enclosed Cavity System RN
The enclosed cavity system and heat transfer rates are illustrated in ' “"Q
QUM

Fig. 4 The energy balance equation for the cavity system is given Dy:

2Qy + Qcay = 2Qrg(cy * Org(ry * 2Qg(e) * Ag(r)) * 20r¢ * Ay (9 Ry

1 L
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Fig. 4 Control Volume Defining Enclosed Cavity System

Again, the terms on the right side of this equation are determined from the

basic heat transfer equations, Equations (3), (6), and (7). Q.,, and Q, are
calculated from Equation (3); Qgg(c) and Qg(c) are calculated from Equation

(6); and Qpg(ry and Qg are calculated from Equation (7). Qp and Qg are

assumed to be negligible since most of the heat is transferred into the

cavity. This is due to the thermal conductivity of phenolic being much
greater than fiberglass.

For Equations (4) and (9), if the left side of the equation approximately
equals the right side of the equation, then one can assume all of the heat
losses are accounted for in each control volume since each term in both
equations is calculated independently.
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1V, Test Procedures

The purpose of the test was to determine the effect of corona wind on
the heat transfer rate within an enclosure. Tests were run to determine how
different wire configurations and flow patterns affected the heat transfer

rate, measured in terms of Q.. INto the cavity, Fig. 5.

cold cold
[ ] ® ® [ ] L
¢ g ¢ ¢ 9
9 ¢ 9
[ ] & L 2 E
hot hot
CONFIGURATION 1 CONFIGURATION 2
hot hot
e o o e o
9 ¢ 9 9 ¢
¢ g ¢ LI
[ ] [ J [ ] ® ]
cold cold
CONFIGURATION 3 CONFIGURATION 4
¢ - Denotes charged wire with positive or negative
potential relative to ground
g - Denotes grounded wires

Fig. 5. Front View of Test Cavity Showing Charge on Corona
wires for Each Test Configuration.

The corona wind intensity was varied to determine the effect on the heat
transfer rate. Each configuration was tested at Skv, 8kV, 11kV, and 14kV
using a positive as well as a negative voitage potential for a total of 32
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test runs.

The thermocouples, with locations shown in Fig. 2, were used to measure
the temperature of the hot and cold plates within the cavity (four
thermocouples for each plate). The average temperature of each plate was
determined from an arithmetic average of the thermocouple readings. The
thermocouple leads were connected to a scanner which permitted the
temperature readings to be displayed on a digital display unit. To protect
the temperature measuring equipment from the high voltage field, both the
digital display unit and the scanner were disconnected while the high
voitage was applied to the corona wires.

Corona Heat Transfer Tests

A steady-state temperature difference of approximately 85 OF was
established between the hot and cold surfaces inside the cavity prior to
each test. After recording the temperatures of the heated and cooled plates,
the temperature measuring equipment was disconnected and the high voltage
was applied. The high voltage remained on for 15 minutes to allow the hot
and cold surfaces to reach steady-state. Immediately after the high voitage
was turned off, the new steady-state temperatures were recorded. The
resuiting increase in the temperature difference between the hot and cold
plates was attributed to the cooling effect of the corona wind on the heated
surface while the temperature of the cooled surface was constant. In order
to convert this increased temperature difference into an increase in the
heat transfer rate, Equation (5) was used to calculate the conduction into

the cavity. The conduction rate without the corona discharge was compared
to the conduction with the discharge.
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The current through each of the five heater plates was measured, in
series, along the wires connecting each plate to the power source

-

(transformer). The measurements were made with a digital multimeter,
which was disconnected when the high voltage was appiied to the corona
wires to protect the muitimeter.

<
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K Energy Balance Tests

. Energy balance tests were performed to be certain that all of the energy
§ lost from the heater plates were accounted for. The l0sses from the heater
- plates are depicted in Fig 3 and Equstion (4) was used to determine if the
3 energy Fut into the heater plates equalled the energy lost. The energy
-\-.. balance tests began by establishing the same steady-state temperature
- difference (approximately 85 OF), between the hot and cold surfaces, that
i was used in the corona tests. Once at steady-state, thermocouples were
. used to measure the temperature at numerous locations around the test
3 section, Figs. 6, 7, and 8, in order to determine accurate average surface
! temperatures. These measurements were used to account for the heat losses
’ throughout the test apparatus. The energy balance tests were performed for
'; the case of heating from below as well as heating from above.
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v X X X

% Fig. 6. Thermocouple Locations on Fiberglass Surfaces (Top/Bottom View)
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Fig. 7. Thermocouple Locations on Fiberglass Surfaces (Side View)
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Fig. 8. Thermocouple Locations on Bakelite and Glass Surfaces (End View)
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Result {Di .

The results of the tests are presented in two sections. The first section
;g discusses the energy balance_ tests and the second section discusses the

corona tests. The temperature readings from the corona tests are tabulated

in Appendix A of this report and are referenced in the discussions that '

g follow. ::»

The purpose of the energy balance tests was to be certain there was a .
baiance between the energy put into the heater plate system (Fig. 3) and the

energy lost by the heater plate system. If a balance exists, then one can be

oy TRK

reasonably assured that all of the energy losses were accounted for. This is

important because the value for Qcav in F1g. 3 was used as the baseline for

-~

the corona tests.

Heating From Below. The first energy balance test was performed while
heating the cavity from below. The heater piate current was set to maintain

B 2 B

the desired temperature difference between the hot and cold surfaces
(approximately 85 OF). The total energy rate input into the the five heater
plates was 50.7 BTU/hr, from Equation (2), using a resistance of 82.3 ohms "

and a current of 0.19 amps. Table | shows the parameters used to calcuiate "

e A

the conduction and convection losses using Equations (S) and (6). The losses

3. due to radiation were found by substituting the parameters in Table Il into 3

<@ &
Equation (7). Therefore, from Equation (1), the total rate at which energy is

P being lost is 42.6 BTU/hr. This is within 16% of the S0.7 BTU/hr rate energy

.

was transferred to the heater plates. Since this percentage is relatively

o
ety
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§ small, then the assumption that Q¢, Fig. 3, 1S negligibie s valid

. Heating From Above, The energy balance test for the case of heating
from above also produced reasonably accurate results. The heaters required

% 0.18 amps to maintain the desired temperature difference between the

heated and cooled surfaces. Substituting 0.18 amps and 82.3 ohms into

Equation (2), the energy input to the heaters was 45.5 BTU/hr. The

TABLE |
Parameters Used in Convection and Conduction

§ Equations for Energy Balance Test (Heating From Below)
o k h, S—=—m=| A 1t2| 4T " 0F
i Qrhsic) --- --- 057 |0098] 171 10

Qhe(c) 013 0016 --- 0011| 333 35
@ Q1n(e) --- --- 046 [0409]| 279 5.2
3 Qrs(c) --- --- 040 |0342| 42 06
’ Qg(c) -== === 051 011t | 111 06
. Qyw 0.18 0.041 --- |0.342| 63 95

sl

* - AT's are defined as follows:

R\

8Tcav * Thtr ™ The 8Ttrec) = T~ Tamb 8Tgc) * Tgo = Tamb

-1

ATns(c) " Trns “ Tamb 4Tts(c) * Trs ™ Tamo ATy, = Toc ™ Tw

AThe(c) ® Thtr = Ty

*% - Q's correspond to those shown in the first column.

>
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TABLE 1}
Parameters Used in Radiation Equation
for Energy Balance Test (Heating From Below)

TuHBgWWw TN "W WO YT EOE W

« [a1t2[7,.98[T, 9R]a", BTU/Nr

Qrn(r) [|090({0.409 | 5576 SJ;O.O M3
Qne(r) [[OS0|0011 { 5818|5300 06

2 Qeg(ry || 0900342 | 5342|5300 '3

" Qg |09S[0 111 [Sa11]S300| 12

3 Qrhs(r)|[ 0900098 | 547 1[S300( 16

- -

F * - Q's correspond to those shown in the first column.

TABLE 11|

. parameters Used in Convection and Conduction
Equations for Energy Balance Test (Heating From Above)

Qcav
Q¢hsic) --- --- 0SS 0098| 147 08
Qhe(c) 013 0016 --- 00tt| 335 30
Qrn(c) -=- --- 0 89 0409} 298 108
Qrs(c) --- --- 032 |0342| 17 02
) --- --- 050 (0111|103 | 06
Quw 018 004! --- 0342 | 32 48

* - AT's are defined below TABLE | onp. 18.

IKAF Y oy r V785 F

*% - Q's correspond to those shown in the first column.
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conduction and convection losses were found by substituting the values
from Table 11l into Equations (S5) and (6). The radiation losses were
calculated using the parameters in Table IV and Equation (7). Using Equation
(1), the total rate energy was lost was 43.5 BTU/hr which is within 4R of
the energy rate input to the heaters. The small difference between energy
added to the heaters and losses from the heaters shows all losses were

considered and the assumption that Q¢, Fig. 3, IS negligible is valid.

TABLE IV
Parameters Used in Radiation Equation

% e [ant2[7,,%[T, %R[a*, BTU/hr
Qrh(r) [[{0.90]|0.409 | S64.4|5346| 125

Qhe(r) {{0.90|0011 | S86.7( S34.6 0.6
Q¢s(r) ||0.90(0.342 | 536.3| 5346 0.6

Qg(r) 095]0.111 ) S449| 5346 1.2
Qfths(r)||©.90|0.098 | S49.3| S34.6 1.4
* - Q's correspond to those shown in first column.

Corona Tests

The results of the corona tests show the effect of the corona wind on the
heat transferred into the cavity. The effectiveness of the corona discharge
on convection was determined by comparing the conduction through the
heated phenolic plates for the two cases (with and without corona wind).

For each configuration, the heat transfer rates, °caw achieved with and

without the corona wind are shown as well as the resulting flow patterns
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inside the cavity.
Configuration #1, Table V shows the results of the corona tests for

Conriguration #1. In the table, T.,,(w/0) IS the average temperature of the

WE I

" hot surface of the cavity without corona discharge and T.,,(with) is the
E average surface temperature with corona discharge. The temperature drop

as aresuit of the corona wind, Tcav(drop), is also shown in Table V.

The conduction rates with and without the presence of corona wind were
calculated using the conduction equation, Equation (S). Table VI shows the

e

heat transfer rates where Qcav(w/o) represents the rate before corona wind

-
o

and Qcav(with)_ represents the rate while the corona wind was present. The

:2' table shows the transfer rates for positive and negative voitage potentials. '

TABLE V
Average Temperatures (°F) for Configuration *1

VOLTAGE Thtr Tcav (W/0)|Tcav(with) [Tcay (drop)

Skv(-) 160.9 152.7 151.7 10

SkV(+) 162.4 154.2 1535 07

8k\Vv(-) 160.3 152.1 1475 46

8kV(+) 161.8 1S3.6 151.9 |7 X
11kV(=) 160.7 152.5 143.7 8.8 :
11kV(+) 160.5 152.3 145.1 7.2 ‘-
14k V(-) 159.9 151.7 142.0 9.7 ‘;
14kV(+) 161.1 152.9 140.6 12.3
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TABLE Vi

Qcay Rates for Configuration *!1

VOLTAGE Qcaviw/0) Qcav (with) || Ratioof Qcav's
SkV (=) 12.7 BTU/hr 14.2 BTU/hr 1.1

SkV (+) " 13.8 " 1.1

8kYV (-) ) 198 - 1.6

8kV (+) ) 193~ 1.2
11kV(-) " 263 " 2.1
11kV(+) " 238 " 1.9
14kV(-) ) 277 2.2
14kV(+) ) 317 2.5

These results show corona effects increased the heat transfer rate by as
much as 25 times the normal heat transfer rate. The general trends show
that an increase in corona intensity (i.e, higher voitages) resuits in
increased heat transfer rates. This result is similar with electrostatic
cooling resuits of Franke (12,13) and Hogue (24) in that they also observed
an increase in heat transfer rates as the voltage applied to the corona wires
increased.

By monitoring the interferometer during testing, the flow patterns
resulting from the corona discharge were determined. These patterns are
shown in Fig. 9 for a positive voltage potential and in Fig. 10 for a negative
volitage potential.

These patterns differ from the positive corona case in two ways. First,
note that the flow over the lower surface was not reversed at 14kV as was
the case for the positive corona. This may be due to the fiow at the upper

portion of the cavity having more influence over the flow at the lower
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surface. Another difference from the positive corona tests was the reversal
in the general flow patterns. This reversal is predicted in the text by

Williams (25:49,50) in which he describes the corona discharge causing a
net flow from the high voltage potential to the lower voltage potential.
Although there is flow in both directions, the net effect is a flow from the
higher potential to the lower. The flow at SkV is different from the other

Al &R

voltages because the threshold voltage needed to create the corona effect

3

had not been reached. This threshold voltage is lower for the negative

<%

potential than the positive potential. This was why the negative potential

was more effective in cooling than the positive potential at the lower
voitages. '
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Fig. 10. Flow Patterns Resulting From Negative Voltage Potential for
Configuration *1

Configuration #2 Table VII presents the average temperatures of the
heaters and heated phenolic plates during tests using Configuration *2.

TABLE VIl
Average Temperatures (°F) for Configuration #2

VOLTAGE Thtr Tcav(w/0) | Tcay (with)[Tcav(drop)
Skv{-) 162.3 154.1 153.2 0.9
SkV(+) 164.5 156.3 151.8 4.5
8kV(-) 161.9 153.7 150 1 3.6
8kV(+) 163.9 155.7 152.4 33
11kV(=) 161.7 153.5 146 8 6.7
11kV(+) 161.5 153.3 144 8 85
14k V(-) 161.3 153.1 145.7 7.4
14kV(+) 161.9 153.7 1429 108
24
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TABLE Vil
Q.zy Rates for Configuration #2

VOLTAGE || Qcay (w/0) Qcay (with) Ratio of Qcav's
SkV (=) 12.7 BTU/hr 14.1 BTU/hr 1.1

SkV (+) ) 196 - 1S

8kv (-) * 182 ° 1.4

8kV (+) * 178 ° 14
11kV(-) ) 230 © 18
11kV(+) ) 258 ° 2.0
1akvV(-) ) 241 ° 1.9
14k v (+) ) 294 © 2.3

The results show an increased heat transfer rate of up to 2.3 times the
normal rate due to the corona cooling effect.

The resuiting flow due to the corona wind for the positive potential
corona tests are shown in Fig. 11. Although the patterns for 11kV and 14kV
are identically depicted, the velocity of the corona wind at 14kV, through
the interferometer, appeared to be greater than the velocity at 11kV. Also,
the higher the voltage field, the more disturbed the flow appeared.

The negative potential case is depicted in Fig. 12. The flow patterns in
this case were reversed from the flow using the positive potential. Again,
as with the previous configuration, this reversal is consistent with the
theory presented in the article by Williams (25:49,50). Namely. the effect of
the corona discharge is a net flow from the higher potential to the lower.
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Configuration #3 The average temperatures of the heaters and hot
cavity surface are shown in Table IX and the conductive heat transfer rates
are given in Table X.

TABLE IX

Average Temperatures (%F) for Configuration *3
VOLTAGE Thtr Tcav (w/0)|Tcay (with)[Tcav(drop)
Sk\v(-) 157.1 1S1.5 150.4 11
Skv({+) 157.1 1S1.5 19511 04
8kV(-) 157.3 1517 145.0 6.7
8kv(+) 1573 1S51.7 1495 2.2
I 1kV(=) 157.6 152.0 142.6 94
11kV(+) 155.4 1498 1453 45
14k\V(-) 156.8 151.2 140 .4 10.8
14kV(+) 1577 1592.1 1405 11.6

TABLE X
Qcav Rates for Configuration *3

VOLTAGE Qcav(w/0) Qcav (with) Ratio of Qcay 'S
SKV (=) 8.6 BTU/hr 10.2 BTU/hr 1.2
SkV (+) " 93 " 1.1
B8kY (-) 18.0 2.2
BkY (+) 121 1.4
1 1kV(-) ) 232 ° 2.7
1 1KV(+) 15.6 1.8
14kV(-) 253 2.9
14kV(+) 266 31
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One of the major differences between this configuration and the previous
two configurations was the heat transfer rate before corona was applied.
The lower value of 8.64 Btu/hr was due to the decrease in the heat
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transfer rate from the top of the cavity to the bottom. The heat conducted
into the cavity was only two thirds that conducted when heating from
below. This lower heat transfer rate resulted in higher percentage increases
in heat transfer rates as compared to the previous configurations. As shown
in Table X, heat transfer rates were tripled when corona wind was used to
augment the heat transfer process.

The flow patterns inside the cavity using the positive voltage potential
are shown in Fig. 13 while the patterns for the negative potential is given in
Fig. 14. Again, the patterns using the positive potential are reversed from
the negative potential flows. The flow inside the cavity also becomes more
intense as the voltage potential between the corona wires is increased.
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SkV G + G 8 kV
G « =~
coLd

L OO

11 kv 14 kV

Fig. 13. Flow Patterns Resulting From Positive Voitage Potential for
Configuration #3
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Fig. 14 Flow Patterns Resulting From Negative Voltage Potential for
Configuration #3

Configuration ®4. Table XI shows the average temperatures during the
tests while Table XI| gives the resulting heat transfer rates.

TABLE X!
Average Temperatures (%) for Configuration *4
VOLTAGE Thtr Tcav(w/0)| Tcav(with) Tcav(drop)
SkV(-) _ 157.4 151.8 150.8 1.0
Skiv(+) 158.5 152.9 152.5 04
8k Vv(-) 157.6 152.0 143 .4 86
8kVv({+) 158.7 153.1 150.5 2.6
11kv(-) || 158.0 152.4 142.4 100
11kV(+) 1576 152.0 145.3 67
14kV(-) 157.6 152.0 1393 127
14kV(+) 1576 152.0 1376 144
29
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TABLE XIi
Q.ay Rates for Configuration *4

VOLTAGE Qcay (w/0) Qcay (with) ||Ratioof Qcay's
SkV (-) 8.6 BTU/hr 10.2BTU/hr 1.2
SkV (+) ) g3 - 1
BkY (-) ) 219 - 25
B8kV (+) ) 127 ° 1935
11kVi-) ) 24.1 * 28
11kV(+) ) 130 -~ 22
14kV(-) ) 283 - 3.3

14k V(+) ) 309 - 36

As noted in the Table X!I, the corona wind increased transfer rates up to 3.5
times the rate achieved without the corona discharge. The general trends in
these results are very similar to the resuits from Configuration *3;
therefore, the discussion relating to those results applies to the resuits of
this section.

For this configuration, the general flow patterns of the corona wind
inside the cavity are depicted in the two figures, Figs. 15 and 16.

Figures 17 to 20 show the effect of corona wire voltage on Qeay for

Configurations 1 through 4, Fig. S. The positive potential was more effective
at the higher voltages while the negative potential produced higher transfer
rates at the lower voltages, except for Configuration 2, Fig. 18.
Configurations 3 and 4, shown in Figs. 19 and 20, use heating from above
causing stratified air layers inside the cavity (i.e., conduction between the
heated and cooled phenolic surfaces of the cavity). The introduction of
corona wind into the cavity causes convection to take place within the

30
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cavity, thereby, significantly increasing the heat transferred away from the
heated plate. Since the corona wind is more effective using a negative
voltage potential at the lower voltages, this may explain the large gap in
transfer rates between the negative and positive potentials in Figs. 19 and
20.
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V1. Conclusion 20
w3
The basic conclusion of this study is heat transfer rates, on the hot side L‘E [
2 )
of a heated enclosure, can be increased when corona wind is established f
within the enclosure. it was shown that heat transfer rates for a heated =23
surface of an enclosure can be increased as much as 3.5 times when a corona ;:;:E
wind is introduced inside the enclosure. “‘3
There are other general conclusions that can be made based on the test _ .
=~
results. At the lower voitages, the negative voltage potential was more KN
w, %
effective than the positive voltage potential. However, at the higher t&l
voitages, the positive potential produced the higher heat transfer rates for :
the configurations tested. Finally, the heat transfer rate increases as the "
voltage applied to the corona wires are increased. This is true for both ,.:
positive and negative corona. "
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Vil Recommendations

There are several recommendations that would enhance understanding

electrostatic cooling within an enclosure. These recommendations are:

1. Place numerous thermocouples near the heated surface of the cavity to

determine which parts of the surface experience the greatest heat transfer
rates. |

2. Place thermocouplies on all surfaces of the cavity to determine the
effect the corona discharge has on the other surfaces.

3. Repeat the tests performed in this study with corona wires of a
different material (e.g., alumel or nichrome wires).

4. Repeat the tests using a higher or lower temperature difference
between the heated and cooled surfaces of the cavity. (The temperature
differential in this study was 85 OF).

S. Use different gases inside the cavity and determine how this affects
heat transfer rates.

6. Use different corona wire configurations to establish different flow
patterns within the cavity.

7. Repeat the tests with the cavity inclined at various angles up to 90°.

These and other variations may shed more light on an area of study that
has not had much research to date.
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The following tables show the temperature readings of the eight
thermocouples located on the hot and cold phenolic surfaces, Fig. 2. In the
tables, NORMAL refers to measurements taken without the presence of the
corona discharge and CORONA refers to measurements taken with the

% corona discharge. AMB represents the ambient room temperature measured
approximately four feet away from the test cavity.
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DATA
CONFIGURATION: #1 VOLTAGE: SkV (neg.)
% - TEMPERATURES (°F)
N : HEATED SURF ACE COOLED SURF ACE AMB.
q NORMAL |1351.2 |153.4 (13560 (150.3|70.8 714 | 708 | 706
P CORONA 11510 |1525]|1536|1498| 705 | 71.1 | 700 | 698

-4 A

E}: CONFIGURATION: *1 VOLTAGE: SkV (pos)
g TEMPERATURES (°F )

P HEATED SURFACE COOLED SURF ACE AMB.
E: NORMAL [152.4 (1553|1577 1514|722 | 729 | 724 | 724 | 675
- CORONA [153.1 [153.2|156.2|1S16[ 720 | 729 | 72.4

';: CONFIGURATION: #2 VOLTAGE: SkV (neg.)

] i TEMPERATURES (OF )

! BB HEATED SURF ACE COOLED SURF ACE AMB.

» NORMAL 11527 1546 157311 7| NS [ 720 ] 714 | 712 | 696

3 CORONA (1S16 (155215571502 707 | 714 | 703 A

B

g CONFIGURATION: #2 VOLTAGE SkV (pos)
TEMPERATURES (°F )

g; HEATED SURF ACE COOLED SURF ACE AMB.

: NORMAL | 19545 |1576| 1596 1534|720 | 721 [ 720 (717 |e90

.:. CORONA 1520 (1509|1534 (1508 711 | 727 | 1 7 '
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DATA
CONFIGURATION: #3 VOLTAGE: 5kV (neg.)
TEMPERATURES (°F)
HEATED SURF ACE COOLED SURF ACE AMB .

NORMAL |150.4 (15401340 | 1474 | 683 | 673 | 674 | 674

CORONA |149.7 |[153.01520|1470| 676 | 66.7 | 666 | 66.6 /

CONFIGURATION: *3 VOLTAGE: SkV (pos)

TEMPERATURES (OF )
HEATED SURF ACE COOLED SURF ACE AMB.

NORMAL |150.2 [1S4.1 |1540]1475| 688 | 678 | 67.7 | 678

CORONA |150.2 |154.4 | 1526|1472 678 | 668 | 66.7 | 668

CONFIGURATION: #*4 VOLTAGE: SkV (neg.)

TEMPERATURES (OF)
HEATED SURF ACE COOLED SURF ACE AMB.

Ly & o]

NORMAL [130.6 {1344 [154411478| €83 | 673 | 675 | 673 | 69.2

CORONA 1502 |153.4 1522|1474 | 676 | 666 | 666 | 66.6

CONFIGURATION: *4 VOLTAGE: SkV (pos)

TEMPERATURES (OF )
90 HEATED SURF ACE COOLED SURF ACE AMB.

NORMAL [1S51.7 155615541488 | 690 [ 678 | 678 | 678

CORONA (1516 [1552]1545|1486} 682 | 673 | 672 | 671
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Y
: DATA

! CONFIGURATION #1 VOLTAGE B8kV (neg)

TEMPERATURES (OF )
a HEATED SURF ACE COOLED SURF ACE AMB
NORMAL [1497 |1535 /1563|1490 710 | 720 | 714 | 709 |67S

g CORONA [1480 [1458 1484 (1477 710 | 7219 10

H.: CONFIGURATION #1 VOLTAGE BkV (pos)
e

TEMPERATURES (OF )
HEATED SURF ACE _ COOLED SURF ACE AMB

)

}

1359213741302 TMe | 19| M3 | NS |678

Sl

CORONA [1502 (1S3S5[1552|1486| 706 | 727 | 720

. CONFIGURATION =2 VOLTAGE 8kV(negA)

>

o TEMPERATURES (OF )

" it HEATED SURF ACE COOLED SURF ACE AMB

. NORMAL |152.3 [1S4 4 |1570{1s10) 712 | 718 711 | 709

i}: CORONA 1522 [1S15|1504|1462| 714 | 726 | 709 | 700
CONFIGURATION =2 VOLTAGE 8kV (pos)

? TEMPERATURES (OF )

. @0t reaTED sURFace COOLED SURF ACE AMB

"

v NORMAL |1539 {1571 1589 |1528| 724 | 724 | 723 | 720 | 692

of CORONA [1S16 [1520 1S54 7181 4| 208 | 7285 | 729

&
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DATA

CONFIGURATION: #3

VOLTAGE: 8kV (neg.)
TEMPERATURES (°F )

- HEATED SURF ACE COOLED SURF ACE AMB.
NORMAL [190.7 |[194.4 | 1340|1478 | 681 | 672 | 672 | 671 | 683
CORONA 1458 (1460|1449 1433|676 | 673 | 68.2

CONFIGURATION: *3

VOLTAGE. BkV (pos.)
TEMPERATURES (OF)

HEATED SURF ACE

COOLED SURF ACE

NORMAL (1504 (1546|1340 | 1476

680 | 67.2

670

67.1

CORONA (1491 |152.4 1510|1454

680 | 673

671

670

CONFIGURATION: #4

VOLTAGE. 8kV (neg.)
TEMPERATURES (OF )

HEATED SURFACE

COOLED SURF ACE

1306 |1334 1340|1479

680 | 67.2

663

670

1443 (1461 | 1421 | 1412

666 | 672

68.1

CONFIGURATION: #4

VOLTAGE: 8kYV (pos.)
TEMPERATURES (9F )

HE ATED SURF ACE COOLED SURF ACE AMS

1559|1558 |1491 ] 689 | 680 | 680 | 678 | 692

CORONA [1511 [1535]18512]1463| 685 | 676 | 680 | 675 |
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DATA

CONFIGURATION: *1 VOLTAGE: 11kV (neg.)

TEMPERATURES (9F)
HEATED SURF ACE COOLED SURF ACE

1308 |1343 | 1366|1482 691 | 702 | 686 | 63 4

1448 (1436114321413 704 | 700 | 680 | 650

CONFIGURATION: *1 VOLTAGE: 11kV (pos.)

TEMPERATURES (9F)
HEATED SURF ACE COOLED SURF ACE

1524 |1S33{1333|1477| 730 | 732 | 714 | 682

1457 [1456 | 1473|1416 | 732 | 751 | 71 4

CONFIGURATION: #2 VOLTAGE: 11kV (neg.)

TEMPERATURES (OF )
HEATED SURFACE COOLED SURF ACE

135301368 | 1484} 731 | 732 | 1.2 | 680

146 6 | 1477|143 4| 709 | 730 | 734 | 682

CONFIGURATION: #2 VOLTAGE: 11kV (pos.)

TEMPERATURES (O9F)
HEATED SURF ACE COOLED SURF ACE

1333 |1346 | 156611484 | 728 | 729 | 708

1486 [1434 11449114035 734 | 732 | 712
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DATA
CONFIGURATION: #3 VOLTAGE: 11kV (neg.)
TEMPERATURES (°F)
HEATED SURF ACE COOLED SURF ACE AMB.

NORMAL |1350.8 |153.0{1348|1473| 690 | 678 | 676 | 676 | 67.2

CORONA |143.3 {144.1 1142211408 695 [ 682 | 680 | 664 |

CONFIGURATION: *3 VOLTAGE: 11kV (pos.)

TEMPERATURES (OF)
HEATED SURF ACE . COOLED SURF ACE AMB.

NORMAL {1476 [154.1 1526|1450 722 | 711 [ 714 | 711 | 66.7

CORONA (1452 11486 (1464|1408 716 | 711 | 705

CONFIGURATION: *#4 VOLTAGE: 11kV (neg.)

TEMPERATURES (OF )
HEATED SURFACE COOLED SURFACE AMB.

|

NORMAL |13518 1335.2|154.7]|1480| 695 | 682 | 680 | 680 | 693

CORONA 1441 |143411416|140.7| 675 | 68.7 | 698 | 678

CONFIGURATION: *4 VOLTAGE: 11kV (pos))

TEMPERATURES (O9F )
HEATED SURFACE COOLED SURF ACE AMB.

1514 (1347|1542 {1478 | 687 { 67.7 | 67.7

CORONA 1471 {1478 | 1451 (1411 | 691 | 678 | 680
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CONFIGURATION: *1

NORMAL

DATA

VOLTAGE: 14kV (neg.)
TEMPERATURES (°F)

HEATED SURF ACE

COOLED SURF ACE

AMB.

130.7

1344 133.2|1466 | 730 | 74.4

72.4

69.7

CORONA

141.8

1448 114421372 ]| 733 | 78.1

732

66.5

CONFIGURATION: #1

TEMPERATURES (OF)

72.4

VOLTAGE: 14kV (pos.)

. HEATED SURF ACE COOLED SURF ACE AMB.
NORMAL [151.1 [154.4|157.1 | 1492 719 | 722 | 713 | 692 | 726
CORONA (1296 (1440 1436|1354 7117 | 759 | 719 | 672

CONFIGURATION: #2

NORMAL

VOLTAGE: 14kV (neg.)
TEMPERATURES (9F )

HEATED SURF ACE

COOLED SURF ACE

133.2

134 .6

1356.1

148.4

733

737

72.0

68.8

CORONA

1475

147.0

147 .4

1409

72.2

739

74.0

CONFIGURATION: #2

NORMAL

VOLTAGE: 14kVY (pos.)
TEMPERATURES (°F )

HEATED SURF ACE

COOLED SURF ACE

153.9

155.0

156.9

149.0

74.1

4.1

725

69.3

146 4

143 .4

1 SB[ W 20 2 B3 2 M S B 2 IR S &= &

1432

138.6

726

733

721

720

.......
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| ‘ CONFIGURATION: #3 VOLTAGE: 14kV (neg))
3

TEMPERATURES (OF)
s “ HEATED SURF ACE COOLED SURF ACE AMB. :

NORMAL |150.3 |1538 1536 |147.1} 701 | 68.7 | 683 | 683 | 675

& CORONA 1410 |1428[1406 (1373|696 | 710 | 695

ﬁ CONFIGURATION: #3 VOLTAGE: 14kV (pos.)
TEMPERATURES (9F )
& HEATED SURF ACE COOLED SURF ACE AMB.

NORMAL [151.1 |1548 1547|1478 | 705 | 688 | 686 | 685 | 675 A

R

-
P

CORONA 1400 (1435|1418 |1369| 686 | 709 | 696 | 67.2

L
4

CONFIGURATICN: #4 VOLTAGE: 14kV (neg.)

TEMPERATURES (OF)
HEATED SURFACE COOLED SURF ACE

Py

B

AMB.
NORMAL [1351.3 |1534.3|135.2|1470| 693 | 680 | 66.7 | 66.5 | 718

W)
;.:: CORONA 1403 [1416 1409|1345 | 679 | 698 | 682 | 646

CONFIGURATION: #4 VOLTAGE: 14kV (pos)
g TEMPERATURES (°F )
. i HEATED SURF ACE COOLED SURF ACE AMB.
X NORMAL |150.6 (1544|1556 [1472| 676 | 668 | 656 | 658 | 720
’x CORONA {1395 |1399 (1378|1331 651 | 679 | 677
2
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Photographs of Test Equipment
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Fig 22 Picture of High Voltage Power Supply
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Fig. 23. Picture of Transformer Used to Adjust Heater Plate
Current
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Interferometer Alignment

The alignment of a Mach-Zehnder interferometer can be a laborious
process uniess one uses a convergent alignment process. The process used in
this study was one described by Gochenaur (22:75-78) and was proven to be
a useful, time-saving technique. The procedure is presented for the benefit
of those who may need to work with a Mach-Zehnder interferometer The
components described in this section are depicted in Figure 3 onp. 9.

In order to see the interference fringes, the two beams of light (one
beam through the reference section and the other beam through the test
section) need to be paraliel. Therefore, before one begins to adjust the
mirrors or splitter plates, the interferometer itself should be leveled. To
complete-the rest of the aligmﬁent procedure, a teiescope-iike device was
used to look through the interferometer in order to monitor the effects of
any mirror or splitter plate adjustments.

The telescope was used to align the images of two objects located
between the 11lumination mirror, M{1jum - 3D the first splitter plate, Spy.

One of the objects was a thermocouple wire stretched just in front of 30

and the second object was the illumination mirror itself. When the
telescope was focused on the illumination mirror, it appeared as a double
image. The mirror was brought into focus using rotation knob *3 for
horizontal control and control knob #4 for vertical control. Next, the
telescope was focused on the thermocouple wire, which also first appeared
as a double image. This time the image was brought together using control
knob #1 for horizontal movement and control knob #2 for vertical
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movement. The telescope was refocused on the illumination mirror and then
on the thermocoupie wire, each time using the control knobs to bring the
double image into a single image. The procedure was repeated until both
objects appeared as a single image without having to move the controi
knobs.

Once the initial control settings were established, the fringes couid be
seen somewhere within the range of focus of the telescope. The fringes
could be positioned most anywhere within the interferometer using
horizontal adjustments to splitter piate 2 (control knob *1). Clockwise
rotations caused the fringes to move toward the telescope while
counter-clockwise rotations caused the fringes to move away. As a result,

it was relatively easy to center the fringe patterns at the test section.




A - Light source

B - Condenser

C - Filter

D - illuminating mirror

€ - Parabolic mirror

F - Compensators (for M)
G - Compensators (for optical glass in 1)
H = interferometer windows
| - Test section

J - Control knobs

™ - Mirror

Sp - Splitter plate
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Fig. 27 Mach-Zehnder Interferometer
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Captian Donald D. Dyer, Jr. was born [N
In 1973, he graduated from [ I > c entered Auburn

University. He received a Bachelor of Aerospace Engineering degree and was
commissioned into the U.S. Air Force in 1977. Iin 1978, Capt Dyer was
awarded navigator wings and completed flying training in the RF-4C at Shaw
AFB, S.C.. He served as a Weapon System Officer (WSO) at Kadena AB, Japan
and, upon his return from overseas, attended Squadron Officer School in
residence. Capt Dyer was then assigned to Bergstrom AFB, Tx. as an
instructor WSO and, while at Bergstrom, received a Master of Science in
Management degree from Houston Baptist University. His jobs included chief
of scheduling for the 45 Tactical Reconnaissance Training Squadron and
chief of the Radar Training and Sensors Branch for the 67 Tactical

Reconnaissance Wing. He entered the Air Force institute of Technology in
May 1984

permanent Adaress: [EEGTENEGEN

Pll Redacted
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Experiments were conducted to determine the effects of corona
wind on heat transfer rates for enclosures., Tests were performed
with an enclosed cavity heated on the bottom and cooled on the top
(and vicesversa). A corona wind was established inside the cavity
by applying high voltages to 0,004 inch diameter chromel wires
placed along the hot and cold surfaces of the cavity., Tests were
conducted using both positive voltage potential and negative
voltage potential to create the corona discharge, Different wiring
configurations were used to establish a variety of flow patterns
ingide the cavity.

The heated surface heat transfer rates were calculated for
each of the test configurations with and without corona. These
heat transfer rates were determined when the corona discharge was
present and compared to the rates found when the discharge was not
present, Comparing these transfer rates revealed how much the
corona wind augmented the heat transfer process., Results showed
corona wind can increase heat transfer rates inside an enclosure
by almost four times the rates attained without the corona dis-
charge for the wire configurations investigated. (T ./ :v 3\
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