—67 -

#igk g Welst pEAERRe 27

The Design of Incandescent Lamps considering the Heat Loss
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1. Introduction

Since the light-emitting principle of incandescent
lamps {(abbreviated to I1/L) is temperature ra-
diation, color character istics and color rendering of 1/L
are better than those of discharge lamps whose light-
emitting principle is luminescence. On the other hand,
its low luminous efficiency and short lamp life are its
fatal weak points.

Luminous efficiency is related with the heat loss of
1/L and lamp life with the mass loss of the fi-
lament. However, since the mechanism is very com-
plicated, it is difficult to examine the relationship cl-
osely. The traditional method of design for I / L is often
a lengthy process involving a series of lamp trials, which
is limited by the bounds of the designers experience and
intuition.

This paper describes a prediction theory of power ba-
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lance equation in I /L which is able to predict the fi-
lament temperature and as astraightforward result, the
luminous flux.

The theory is composed of modeling of I/ L system
which mainly prescribes the power balance equation,
and solving the equation by numerical method.

In applying the calculation results to lamp design,
a useful relationship equation is derived which en-
ables to overcome the limit of trial and error method
or modify the given lamp specification for a special pu-

Tpose one,
2. Modeling 1 / L System

2.1. Langmuir's sheath model

In a gas-filled incandescent lamp, temperature pro-
file should be known to analyze the heat loss and the
mass loss of filament. Langmuir has derived the pro-
file under the assumptions that the transport of en-

ergy in the neighbourhood of the wire will be mainly

_ by pure conduction of heat and not by convection.”
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Hence the temperature profile is derived as follows

In(2r/a)

T (I') =TI_ (Tf—Tw) ln(b/a)

' (—%a< r<%b>
(1)

Thus the temperature curve from the wire to the wall

of the lamp is as indicated in Fig. 2-1.

Fig.2.1. Temperature profile
(d=diameter of the wall

b="Langmuir sheath diameter

T,=filament temperature)

2.2, Heat loss and efficacy

In a gas filled lamp, the input power is balanced by
the sum of the radiated power Wy, the conducted
power to the gas W, and the conducted power to the

lead and support wires, We.
Wi = W + Weast+ W

To closely examine the relationship of heat loss and
efficacy (i.e. luminous efficiency) the mean filament

temperature at which power balance occurs should be
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determined by solving the power balance equation. Once
the filament temperature has been found, the light out-
put may be calulated in a given heat loss(W) for a filling
gas state.

The terms of the power balance equation are to be

prescribed as follows,
2.2.1 The electrical input power

Assuming no resistive losses in the leadwires and ne-
gligible deformation of the filament wire in the co-
iling process, the electrical input power is given by:

2

Wam e = 5T W)

V = supply voltage

R; = filament resistance( 1)

r = wire radius(m)

T, = mean filament temperature(K)

R(T,) = resistivity of wire material at T{(Qm)

L = length of wire in filament coil (m)

For tungsten, tabulated values of the bulk el-
ectrical resistivity versus temperature, have been re-
duced to a polynomial of the form:, R(T,)=aT;+AT,
4y giving errors not greater than +0.05 percent over
the range 2200-3200Kwhen compared with the tabulated

values.

2.2.2. The power loss to the gas filling

The heat flow in the sheath is by conduction only and
outside the sheath by convection only.

Hence the heat flow per unit length per second is

equal to:

Q=—2arA(T) %T(r)

_ -‘ZITA(ﬁ __ __:i
" In(b/a) T,~Tw), (T=3 (TA4TW)  (2)

Q can be determined if b is known. To determine b,
we are to be aided by General Theory of Heat Dis-
sipation by Nusselt.”

According to the theory,

‘b 2¢c n*?
boln (_a_>= gl/: pz/: ;Vs gwx/: P, (3)

where

Pr(Prantino.) = (g + 2)/(a +9/2)



g = 9.18(m.8™)

q = freedom of molecule
f = density of gas (kg.m ™)
gw = T,— Tw,

= viscosity of gas (N.S.m?)

Here, P(density of gas)must be represented as fi-
lling pressure (atm.) Po(pressure of gas for T=To) be-
cause the pressure in the operation P is very difficult
to know the distribution . However, the problem is sol-
ved, F.H.R. Almer and J.de Ridder's theory applied to
it® According to the theory:

P

P=Ters 7" (@)
Where
-1 & o2 pdr 17!
== 2 ——— P
Topm &) St o BL/Z 5 } (5)

Therefore for an ideal filling gas the concentration as

a function of r will be given by

—- P _ Tess — Tef/ P,
e T T T KT

Since n,> >y,
p=mgN; (T) == mz“z(%"r—w‘>

nd T(r)4

— 2m, Po Te,g(
KT, (T,+Tw)

(6)

Now £ can be written as a function of Po.
Applying (6) to(3)

Langmuir Sheath
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Now diameter of Langmuir sheath b has been able to
be solved numerically for a given Po, and from eqn.
(2), Q (for entire length £) has been calculated as fo-

llows.

Q=2n (T,—Tw) ACT) /In(b/a)

S -f”A(T)dT (7
In(b/a) Tw

Derivation of the thermal conductivity ('T) is not tri-

vial, and not particularly accurate.

However, Muller*’ has shown that thermal con-
ductivity and viscosity of certain gases can be rep-
resented inthe form of a simple exponential eqn., and
this particular aspect has been studied in detail for mi-
xtures of two gases by JR.Coaton® and for mixtures
of three gases by the present author in this paper.

It was found that the viscosity and thermal con-
ductivity of the common lamp-making gases, and of a
wide of mixtures containing these, can be expressed in

the form.

ATy =D T (8)
. noaan
2 (T)=D(m) TV }

where D and N are constants and exponents re-

a=cos~1(D/b)

Fig.2.2. Plan view of planar filament configuration
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spectively, which have adiscrete value for each trans-
port coefficient and gas (or mixture), and (T) is the
viscosity at the temperature T deg K.

Now applying(8) to (7),

_ 2nl . D(l\) . 1+ NAY 14 NA
= T/ TN [T’ TN ’]
(9)

On the other hand, in cases where the Langmuir sheaths
of adjacent parallel filament sections overlap, (Fig.2-2),
the power loss to the gas is reduced by an amount which
depends on the section spacing D and the Langmuir sheath
diameter b,

For sections not at ends of the array the angle ¢ into
which heat is directed towards a neighbouring sheath

is given by

6—4a—tcos () 19

Consequently, the power loss to the gas from these sec-
tions is reduced by the factor(l-¢/27) ap-
proximately. If there are N sections,the overall gas power
loss reduction factor is given by:

When

B =Power reduction factor,

g T%{ (N—z)(l— —20;>+2<1“ “f;)]
-1 1o (B)

Now, the power loss to the gas filling W, has had

a complete methematical form.

Weas=8 - Q
—a. 27l . D(/\) . 1+ N(A)
=8 e TN L
_Twl+N(/\) (]2)

2.2.3. The radiated power-single coil filament

A useful parameter for comparing the various th-
eories is the “power reduction factor”§,', which is the
ratio of the power radiated from a coil compared with
the power which would radiate at the same te-
mperature if straightened out.

Thus, using stefan's radiation law and ignoring ra-

diation received from the lamp envelope

1% K15 198798
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Fig.2.3. Coving parameters for a single coil fila-

ment
Weap =06\ € (T))As 0 T,

where
e.(T,) = total emissivity of filament material at te-
mperature T, K
o = Stefan's constant(5.67X 10° W?K™)
As = areas of filament wire (m')

In the calculations for single coil filaments re-
ported in this paper, the results of the theory of Vuk-
cevich® have been selected since it gives satisfactory re-
sults in practice.

According to Vukcevich:

1 6\
O T =&, (1)) (14, 1
where
0g, = “geometric shadow factor”
= fraction of radiation leaving coil directly with-
out interreflections
and

O, = % [tan“,/4P,’—1+tan“,/[‘5l’—1— TvLZT
1

.

where

1

P, gf- = pitch ratio,

T

o

M, =

= Mandrel ratio.

o |2

T

Tabulated values of the temperature dependence of the

total emissivity of tungsten® have been reduced to a



second order polynomial which gives values agreeing with
the tabulated values to better than +0.6 percent over
the temperature range 2500-3200K:

€ (T,)=aT/+bT,+c¢

However, when a filament is coiled, the total em-

issivity increases because of“black body effect”, that is

& (T cou=&(T,) e+ O &

where 0< A €,<0.3, and A€, is dependent pr-

imarily on pitch ratio of the filament.

2.2.4. The filament support and lead wire power loss

Observations of temperature gradients in leadwires
of 40-200W lamps infer a power loss of ap-
droximately 0.015W, ~0.016 W,"

pucted heat losses are such a small part of the over-

Since the con-

all power balance equation, approximate ex-
perimental determinations are adequate, Thus, for house-

hold lamps,

W.=0.015W,, 15

From above-mentioned, the terms of power ba-
lance eqn. has been modeled as mathematical forms,

which defines a function of Ty.

f (T/) QVV,N _WCAS _WRAD —W c

aVir? . 27l . D(})
R(T) L # T/ " TEND

[T THMA) T 1+ 8A) ]
s w

_ O, ‘
1_(1~_€5 1—a,) &(T)A; 0T,

. VP r
O'OISWL (16)

If the solution which f(T;) = 0 is known by a com-
puter program, the absorbed power, the luminous and

the mass loss are calculated.

3. Calculations and discussion

3.1. Derivation of model constants

3.1.1. The thermal conductivity and viscosity
The values for mixtures of three gases by the au-
thor for a mixture of nitrogen (N,), argon (Ar) and

krypton(Kr), the values can be expressed as table 3-1,
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Table 3.1. D and N for mixtures of three gases

Composition Viscosity Thermal conductivity
(%) (Ns/m*) (mW /mdeg)

N, |Ar|Kr| D(g N(n DY) N(A)

10 | 20 | 70| .507253 | .696555 | .411748 | .620330
10 | 30 | 60] .464862 | .705209 | .434152 | .619453
10 | 40 | 50| .426161 | . 714578 | .454221 | 619764
10 | 60 | 30| .348519 | .735874 | .278906 | .693257
10 | 80 | 10| .271616 | . 761651 | .528865 | .621693

3.2.2 Calculations of model program
Redefining equation (5) as g(b), eqn.(5) is given by
g(b),

g(b)Lbln(b/a)—2c - {W D)
(5T )Ne)

2/.3 l ’I‘w 1/3
(TJWTw) gb;
In the vertical case, ¢ = 1/8.45.
If b is known which g(b) = 0, T, which f(T,) = 0 also

can be known by numerical method. Once T; is known,

-2/3
'Teff

luminous flux, efficacy and lamp life are to be known
straightforwardly, Luminous flux is defined generally

as follows,
FIT)868 - [vO) - (T) - W, (T)AdA 1)

where

V(A) = eye sensitivity
€, (T,) = spectral emissivity of tungsten at T,

W, (T, ) = spectral luminous emittance

=37415 - A% texp (14388|AT,) — 1} (w/cm®)

But since the radiation body is filament coil in a 1/
L, luminous flux is modified by considering the co-
iling effect and the “black body effect”. Therefore mo-

dified equation is given by

F(T) 2681 [vN) & (T) 6 (W) A W, (T,)dA

where

8" (1) = “spectral power reduction factor”

— 6\31 —_
1= (=& (T,)) (1—5,,) — »asusedby

Vukecevich & (T,) = & (T, flat tungsten +A€, |, as

’
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used by total emissivity

In the calculation of the program,€(Tf) is ap-
proximated in theform of fourth polynomial and V(A
) is fed into the program datum by datum,

The flow chart of the algorithm is expressed as Fig
3-1. The procedure of g(b) = 0is bisectional method
and of f(T,) = 0 is logarithmic method. .

3.3. The Results and discussion

3.3.1 Accuracy check of the theory with measurement
Input data for household 110V lamps are as
follows.

The computed results together with average ex-
perimental data are presented in table 3-2, which are
derived by a optical high-temperature meter and co-
rresponding IES Handbook data, i.e., T, co-
rresponding to measured Tc(color temp.)

The results in Table 3-2 demonstrate the good pre-

[ Initial parameters ]

]

[ Initial T, ]

!

Initial b

-

I T,. 7, €A are determined ]

'
L po—po+apo |— F=681 / V(1) €28, () Wrda |
!

——

Fig.3.1.Flow chart of F(T,)
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dictive accuracy of the theory despite the use of many
simplifying assumptions. The calculated values of lu-
minous flux are within the limits of error of ex-
perimentgl measurements. Teh observed filament op-
erating temperatures and luminous flux are, on av-
erage, slightly higher than those predicted. The dis-
crepancy, which is of little practical consequence, may

result from two causes :
i)The use of approximations in the derivation of O,
and the adaptation of a less-accurate A€ and A &

ii) Variations of the measured in themselves.

Table 3.2, Predicted and measured PO= 0.8

Lamp Luminous Flux{lumen) | Filament Temp(K) |
Rating{ w] | Predicted Experimental] Predicted Experimental
40 363. 96 2570 388 2582
60 680. 89 2665 672 2676
100 1275. 00 2702 1280 2714

200 3028. 00 2804 3040 2817

% Average error in luminous flux prediction : -1%5

¥ Average error in filament temerature prediction

1 -1%

3.3.2. Use of theory for the calculations with filling gas
variation

Because of the very high order of accuracy at-

tainable with the theory, we can calculate ch-
aracteristic values with variation of gas filling. In fi-
gures

(1) always means that gas filling state is N,;: Ar =

1:9, and
(2) always means that gas filling state is N, : Ar:Kr
= 1:2:7.
The results say that

i) The filament temperature decreases slowly with
the pressure of filling gas for both the(1)and
(2), which simultaneously means increasing of
input power and decreasing of luminous flux,
(Fig. 3-2)

i) Teff is nearly constant over the pressure of 1
atm., which means that the operation pre-
ssure is proportional to the design pressure over
the pressure, (Fig, 3-3)

iii) The coduction power loss increases rapidly
under about 2 atm., and does slowly over that

with the pressure of filling gas.(Fig. 3-4)
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iv) The luminous flux decreases rapidly init-
ially, and then does slowly over 1 atm. At 1
atm the luminous flux of (2) is greater than
that of (1) by 10 percent. (Fig. 3-5)

3.5. Application to the design.

A modification to the program enables filament de-
sign exponents to be calculated automatically, For ex-
ample, if the relationship between primary pitch P1 and
lamp power W, for fixed coil length, wire diameter, etc.
is required, it is assumed to be of the form:

W, = constant X p,nl
Calculation of is then readily derived from the th-
eoretically predicted relationship between input power
and primary pitch, all other being held constant.

Some typical results including other wattage lamps

are given in Table 3-3.

Table 3.3 Calculated single coil 110 volt household lamp

design exponents

Pitch ratio | Mandrel ratio | Coil length | Applied vol tage
Rating VS, Vs, VS, Vs,
(W) power power power power
n, n ny n
10 .638 -0.450 —0.524 1.500
60 643 —-0.483 —0.5%9 1.539
100 628 —0.466 —0.559 1.550
200 637 -0445 0583 1.5%6
Then

Power 2 _ (Pitch Ratio2)"' = (Mandrel Ratio 2)™
Power 1 (Pitch Ratio 1) X {Manderel Ratio 1)
(
(

(coil length 2)™* volt 2)™*
(coil length 1) volt 1)

These exponents have been used to expedite the de-
sign of modified filaments. Another application has been
in the design of filament and Mandrel size watching sch-
emes which ensure that variations in lamp per-
formance due to material tolerance may be mi-

nimized.

4. Conclusions

From the study following conclusions are to be said.

(1) The problem of accurately predicting the lu-
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(2

~

(3)

minous flux and mean filament operating te-
mperature in an I /L from the physical di-
mensions of the tungsten of the filament, the com-
positon and pressure of the filling gas and the ap-
plied voltage has been solved through the study.

Accuracy of the theory with the measurements has
given us various calculations of I /L system in-

cluding krypton gasfilled lamps not yet producedin
industry, which are keys to the analysis and under-

standing of it.

Another validity of the theory is derivation of the
equation of inter-paramenters for optimal lamp de-
sign, which enables to overcome the limit of trial
and error method or modify the given lamp sp-

ecificaton for another new one,
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