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A thermal model of a p-side-down configuration of a ridge-waveguide (RW) laser diode is
presented in this work. In the model, the multilayer structure of the laser, the thermal resistance of
contact layers, the spreading thermal resistance of a heat sink and the radiative transfer of the
spontaneous emission are taken into account. The problem is solved with the aid of the analog
electrical method. It appears that in the whole heat-sinking process occurring in a typical RW laser
diode the heat extraction through the ridge plays only a supplementary role, as 60-70% of the heat
flux generated in its active area flows through the substrate. The theoretical value of the thermal
resistance of the standard (S = 5 pm) ridge-waveguide laser diode is equal to 52 K/W.

1. Introduction

The ridge-waveguide configuration of laser diodes provides reliable, low threshold
and stable transverse and (sometimes) longitudinal monomode operation charac-
terized by a highly linear light-current curve. These comparatively low-expense lasers
are capable of excellent performance at 0.85 /an [1], [2], 1.3/an [3]-[6] and 1.55 /an
[3], [7]-F9]. Only one stage of epitaxial growth on a planar substrate is required
followed by a small number of photo-lithographic and etching stages to define the
ridge structure.

The simple fabrication process with any of the common epitaxial growth
techniques allows the simultaneous realization of both the lateral current and the
mode confinement in a single processing step. Thus, an important advantage of the
ridge structure is that it avoids the possibility of damage to the active area by the
processing steps that provide these confinements. This rather simple laser structure
makes a favourable alternative to the numerous types of index-guided laser diodes,
first of all to the more complicated buried-heterostructure devices.

A schematic drawing of the (InGaXAsP)/InP metal-clad ridge-waveguide
(MCRW) laser for the wavelength A= 13 /an [5], [6] is shown in Fig. 1 The
heteroepitaxial layers for these lasers are grown on (100) n-doped (n = 5x1018
cm-3) InP substrates in a single epitaxial process and contain the following five (or
six) layers: i) 3-8 /an thick n-doped (n = 5x 1017 cm-3) InP buffer layer, ii) 0.14-0.20
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Fig. 1. Schematical drawing of the (InGaXAsP)/InP metal-clad ridge-waveguide (MCRW) laser

/im thick undoped (InGaxXAsP) active layer (2 = 1.30 /an), iii) 0.2 /;m thick p-doped
InP confinement layer (if required [5]), iv) 0.2 /an thick p-doped (p = 1x 1017 cm-3)
(InGaXAsP) etch-stopping layer (A= 1.02-1.05 /;m), v) 1.2—15 /mi thick p-doped
(p = 5x 1017 cm~3) InP ridge layer and vi) 0.2-0.6 /mi thick p-doped (p = 4 x 1018
cm-3) (InGaXAsP) cap layer (2= 1.30 /mi).

The epitaxial growth is followed by a shallow Zn diffusion (10 sec at 600° C [6]);
a Zn-doped oxide source being used in order to improve the contact resistance into
the cap layer. Thereby the hole concentration in this layer is increased up to 5x 1019
cm-3. Then 3-5 /mi stripes are defined photolithographically along the [011]
direction and the ridges are obtained by ion milling through the cap layer and
subsequent selective etching of the InP ridge layer with [5]: HCL:H3P 04 (1:1) down
to the top of the etch-stopping layer.

Electric isolation of the non-lasing area is accomplished by deposition of
a 0.2-0.3 /mi thick layer of either alumina (A120 3), or silicon nitride (Si3N4), or
silicon dioxide (Si02). The vertical walls of the ridge are (RW lasers [7]—L0]) or are
not (MCRW lasers [3]-[6]) coated with the isolating layer. In the previous MCRW
GaAs/(AlGa)As laser diodes the lateral current confinement had been achieved by
the high contact resistance of the Cr/Au alloy on the low-doped p-type (AlGa)As
layer and the excellent contact to the p-type GaAs layer [1], [2], [11], [12].
Therefore these lasers had been completely without oxide layers.

After evaporating a broad area, p-contact (Ti - 40 A thick, Pt - 500 A thick and
Au - 5000 A thick layers [13]), thinning the sample, evaporating and alloying the
n-contact (Au - 100 A thick, Sn - 50 A thick and Au - 5000 A thick layers [13]), the
wafers are cleaved into individual laser chips, usually 200 /mi long and 500 /mi wide.
A double-channel structure [7], [9] is often used in order to facilitate the
upside-down mounting of the laser chips.

Waveguiding in the ridge structure of the laser is achieved by the reduction of the
effective refractive index in the vicinity of the stripe active area due to the closer
spacing between the metal contact and the active layer. By an appropriate choice of
the waveguide parameters, MCRW lasers can be realized with a built-in in-
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dex-guiding high enough to dominate over the gain-induced guiding mechanism [4],
[14], [15]. The dependence of the longitudinal mode spectrum on the construction
parameters of MCRW lasers was investigated in [16] and a rigorous waveguide
model of these lasers was developed in [17].

Lately information about more complicated ridge laser structures, e.g., doub-
le-contacted MCRW lasers [18], [19], brigde-contacted ridge-waveguide (BCRW)
lasers [20], MCRW distributed feedback lasers [21] and ridge single-quantum-well
graded-index separate confinement heterostructure (SQW GRIN-SCH) lasers [22],
have been also published.

The MCRW and the RW (InGaXAsP)/InP laser diodes seem to be of the most
promising coherent light sources for fibre-optical communication. On the other
hand, thermal resistance and the associated design for the optimum performance of
(InGa)(AsP)/InP laser diodes in a continuous and rapidly pulsed operation is
significant, because of their distinctly temperature-dependent operation characteris-
tics (see, e.g., [23]-[29]). Therefore, it seemed worthwhile to investigate the thermal
properties of these lasers.

In the present work, the thermal model of the 1.3-/un MCRW (InGaXAsP)/InP
laser diodes is formulated and their thermal properties are examined both theoretic-
ally and experimentally. The work is organized as follows: the theoretical model is
presented in this part; experimental results and the influence of various construction
parameters on thermal properties of the lasers are discussed in the second part. Some
preliminary results of the work were published elsewhere [30].

2. Hitherto existing models

The thermal resistance of a laser diode has a significant effect on its operation
characteristics. Therefore the reduction of this resistance is a key agent in improving
the cw-performance of a laser diode.

In the case of the MCRW laser diode, the first attempt of this kind was made by
Stegmuetter €t al. [31]. They reduced the thermal resistance of the p-side-up
mounted laser diodes by a heat spreader, formed by the galvanically strengthened
Au-top contact. The heat spreader caused equalization of the temperature dis-
tribution in the active region which drops the maximum temperature within itself.

A low thermal resistance of laser diodes can be realized by mounting the diode
with the junction down (p-side-down configuration) on the heat sink to minimize the
distance between the main heat source and the heat sink [32], [33]. This structure is
analysed in the present work. This configuration, however, owing to the nonplanar
surface of ridge-waveguide lasers, is rather complicated and, in order to get
a quasi-planar surface on the laser chips, a double-channel structure [7], [9] is
usually applied. This structure compared to the planar one exhibits an enhanced
thermal resistance.

A simplified analysis of thermal resistances for such quasi-planar ridge-wave-
guide lasers was performed by Amann [34]. Assuming an isothermal active region, he
obtained (by means of conformal mapping) approximate analytical expressions for
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the averaged thermal resistance. But some of his numerous assumptions seem to be
unjustified, e.g., he disregards of the temperature increase in the contact layers and in
the heat sink, assumed thermally isolated channel regions, and considered the
layered laser structure as being uniform area. Nevertheless, he was right in pointing
out that in a typical MCRW laser diode the heat dissipation was connected mainly
with the heat path to the heat sink in the regions beyond the ridge. The advantage of
his simplified model is its easy applicability to practical devices with a reasonable
accuracy. Due to its analytical formulation, the model is clear to everyone and can be
easily adapted to new geometries or new devices.

Recently the heat spreading in the RW laser has been analysed numerically by
Piprek and N uernberg [35]. They have, however, neglected the thermal resistance of
the contact layers, spreading thermal resistance of the heat sink and the radiative
transfer of spontaneous energy. Nevertheless, they have determined two-dimensional
temperature distributions perpendicular to the ridge and have presented them in
terms of isotherm plots.

3. Assumptions

The analysis of heat-flux spreading in the ridge-waveguide laser is rather complex
because of its “ridge” construction, multilayer structure and non-homogeneous
boundary conditions. The last feature is due to the fact that the most part of the
upper surface of the laser is covered with an oxide layer, the thermal conductivity of
which is relatively low. The vertical walls of the ridge are or are not covered with the
isolating layer, from now on, called for simplicity the oxide layer.

It is rather impossible to find an exact analytical solution of this heat spreading
problem. Numerical methods, in turn, are much time-consuming and need a very
quick and powerful computer. Therefore the problem is solved in this work by means
of the analog electrical model. An active area is divided into 2iV+l identical
segments

(2N+1Ay =S @

where S is the stripe width and Ay is the segment width. Spread of the current (i.e.,
the heat flux) generated in each segment is considered separately. The spreading
phenomenon is described properly if a sufficiently high value of N is assumed (in this
work N = 100). A resultant potential (i.e., temperature) distribution is obtained using
the superposition rule.

Assumptions of the model are as follows:

1 We neglect the current-spreading effect because of the negligible thickness of
the p-type etch-stopping (InGaXAsP) layer (this effect can be easily taken into
account in the analog electrical model assuming different outputs of the current
generation in individual segments of the active layer). _

2. We neglect heat-fluxes in lateral directions in the second (active), the third (if
exists) and the forth (etch-stopping) layers, because of their negligible thicknesses, i.e.,
we assume that heat flux flows through these thin layers only perpendicularly.
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3. We neglect the temperature dependence of the thermal conductivity because of
small temperature increases involved (ridge-waveguide lasers exhibit low-threshold
operation).

4. We consider only the most efficient heat source which exists in the active
region because: (i) the Joule generation in all layers is negligible in these
low-threshold devices, and (ii) the absorption of the spontaneous radiation transfer-
red through the wide-gap layers [36] takes place either very close to the heat sink (in
the p-type cap (InGaXAsP) layer) or very far from it (at the n-side-contact/substrate
interface, from where this heat flux is conducted to a considerable extent by
a metallization layer and a bonding wire) and resulting heat output is at least one
order of magnitude lower than the above main head source (see, e.g., [37] for the
GaAs/(AlGa)As lasers where the efficiency of this transfer is similar).

Table 1. Thermal conductivities of the layers of the MCRW laser diodes

Material Notation Value [W/mK] Ref.
InpP K 68 [42]
~ 20.28tn0.72°90.621>0.38 K 5.5 [43], [44]
~ 20.09'0.91°50.20"+0.80 K 9.6 [43], [44]
oxide, Si02 K 1 [45]
contact layers:

Ti K,1 22 [46]

Pt K.2 73 [46]

Au K,3 318 [46]

In Ka 87 [46]
heat sink, Cu NG 400 [46]
Heat sink, Si NEB 135 [47]

In the calculations, the multilayer structure of the laser, as well as the thermal
resistance of contact and oxide layers and the spreading thermal resistance of the
heat sink are taken into account. All thermal conductivities are listed in Table 1 The
nominal set of the parameters and the notation used in the calculations are presented
in Table 2

The heat generation in the active area is mainly connected with nonradiative
recombination within this region and its density may be expressed in the following
way [38]:

9 ={Ul-«.p/)+y-i.h)[l-«.,-(I-ahap/]}//dASi, W/m3 4]
where U is the voltage drop at the p-n junction; / and Jthare the supply current and
the threshold current, respectively; asp, aet and axare the internal quantum efficiency
of the spontaneous emission, the external differential quantum efficiency of the lasing
and the internal quantum efficiency of the lasing, respectively, and dA S and Lar,e
dimensions (thickness, width and length, respectively) of the active area.

Coefficient/ describes the fraction of the spontaneous emission from the active
region, transferred radiatively through the wide-gap layers; it is composed of two
parts

I =In+lp> ©)
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Table 2. Nominal set of the parameters used in the
(InGa)(AsP)/InP laser diode

Parameter Notation

Ambient temperature

Number of sections

Supply current

Threshold current

Voltage drop at the p-n junction

Quantum efficiencies:
internal spontaneous «p
external differential
internal lasing

c —zd4d
c >

Transfer coefficient ¥
Chip length L
Chip width w
Stripe width S
Groove width C
Thicknesses of the layers:
n-type InP dn
active Ga0.28In0>72AsQ 62Po .39 dA
p-type InP confinement deon
etch-stopping Ga009In091As020P08 dn
ridge p-type InP dpP
cap Ga028In0 72As062P0 38 dc
oxide layers:
— beyond the ridge do
— on vertical walls of the ridge dox
contact layers:
Ti dc,!
Pt do.2
Au do,s
In dA
* Ref. [13]

which may be expressed as follows [39]:
/. = sin2(/M/2),
Ip = Sin2(/y2).
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calculations for a typical MCRW

Value Unit
300 K
100 -
100 mA

25 mA
0.95 \Y
50% %
40* %
100* %
0.633 -
200 /im
400 fim

5 nm
15 fim
85 Imi
0.15 MI
0 /im
0.3 /im
15 /im
0.6 /im
0.2* lan
0* /an
40* A
500* A
5000* A
10 /im

)
©)

Pnand flp are the respective critical angles at the interfaces of the n-side and p-side
heterojunctions confining the active layer, i.e.

sinon= nJnA
sinj?p = np/nA

©)
U]

where nA nnand np are refractive indices of the active layer and of the n-type and
p-type parts of the double-heterostructure, respectively.
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4. Calculations

In the analog electrical model, spread of the current generated in one segment (say:
i-th segment) of the active area is schematically shown in Figure 2. The current is
divided into two parts: one flowing through the ridge, and the other which flows
through the substrate. The latter, in turn, is composed of leftwards and rightwards
parts. For these current paths, the corresponding thermal resistances are denoted by
Ra (i), RBL(i) and RBR{), respectively. They form a simple current circuit shown in
Fig. 3

Fig. 2. Spreading of the current generated in
the i-th segment of the active area in the
analog electrical model of the ridge-wave-
guide laser

1(i)

e (1)

Fig. 3. Equivalent electrical circuit of the current spreading shown in Fig. 2
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4.1. Calculations of the RB thermal resistance

The current (i.e., the heat* flux) generated in the i-th segment may by calculated as
follows:

| = Q = gdALAy ©)

where g is given by Eg. (2). In the model in which a current-spreading effect is
considered g is position-dependent.

The leftward part of the heat spread through the substrate, for the heat flux
generated in the i-th segment of the active area, is schematically shown in Fig. 4. The
shapes of individual heat paths assumed with the aid of the Kirchhoff’s laws for an
electric circuit are based on our knowledge of the real structure of the RW laser. An
error which accompanying this simplified assumption seems to be insignificant
because of the relatively high number (i.e., 201) of individual heat paths considered in
the model. The heat flow from the active layer directly in the y direction, i.e., along
the (InGaXAsP) layers, is neglected because of their small thicknesses and low
thermal conductivities (kn= 5.5 W/mK for the active layer and kw= 9,6 W/mK for
the etch-stopping layer) as compared with the InP layers (ks= 68 W/mK). Hence, it
is assumed that heat flows perpendicularly through all these low-thermal-conduc-
tivity (InGaXAsP) layers.

Fig. 4. Leftward part of the spreading through the substrate of the heat generated in the i-th segment of
the active area. S and C are the widths of stripe and the groove, respectively, and Ay is the width of the
active area segment. The coordinate system is also shown

An analog electrical circuit, corresponding to the above heat spreading model, is
shown in Fig. 5 The composite resistances are as follows:

RLI =R 7 (9)
*L2(U) = [.n/(2Lka)In(y (i), x(j), Ay ,AX), (10)
R1iU) = I>/(2L/cs)]/7(x(;), b(j), Ax, AyX), (11)

(12)

*L*0’) = ~sO’)+~c,B + ~0,B+ "HS,B:
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RI) RU(Q) RII(N-1)

explained in the text

The RLI resistance includes the overlapping of heat paths:
R! = Ax/(AyLks) = (2d9)/(SLks), (13)
H= Ay/{2S). *14)

In the calculations of the A2 and RL3 resistances we have used the formula (C2)
derived in the Appendix C

"M .Ab)= {<>-«)+][«- (15)

with:
b(j) = U-05)Avyi, (16)
x(j) = {i-0.5)Ax, (17)
y(f) = (N -i+0.5)Ay, (18)
Ay,=Ay(WIS-\). (19

In the above relations, ks is the thermal conductivity of InP and dn is the
thickness of the n-type InP layer (the substrate layer plus the buffer layer)

dn= NAx. (20)

The J4 resistance is calculated for the one-dimensional heat flow, where the
thermal resistances for the semiconductor layers (Rs), for the contact layers (PcB), for
the oxide layer (RoB) and the equivalent thermal resistance [40] of the heat sink
(RHsb) maY te expressed as follows:

RU)={dJK+dnlkv+KUdJkIJHdIKIMLAY], ¢1)
R,B = BdclkeJ/(LAyi), 2)

K b=dJ(LAyYX), ()



134 W. Nakwaski, W. Both

*hsb = [(W—S)/(ZtAyikHL){arsh(B)+Barsh{l/B)
- (13)[(1/B)(B2+ 1)32- 1/B- £7]} (24)

where: dES dpdc, den and dQare thicknesses of the p-doped (InGaXAsP) etch-stopping
layer, the p-doped InP ridge layer, the p-doped (InGaXAsP) cap layer, the n-th layer
of the contact (see Tab. 2), and the oxide layer, respectively, B = 2L/(W—S), all k are
thermal conductivities listed in Tab. 1, and the K coefficient is given by:

(25)

with jc= C/Ayv where C is the width of the channels.

For the typical construction of the MCRW (InGaXAsP)/InP laser diode (see Tab.
2), the calculated averaged values of the RBLand RBRthermal resistances are equal
to 173 K/W.

4.2. Calculations of the RAthermal resistance

For each ¢-th segment of the active area, the thermal resistance RA(i) is composed of
three, parallelly connected parts RAi, RA2 and RA3 (see Fig. 6)

m Al) = I/7Ai(0 H-1/7A2(0 F1/7A3(0. (26)

We neglect the refraction of the heat fluxes on the InP/(InGaxXAsP) heteroboundary,
on the basis of our earlier calculations [41], as well as the possible curving of heat
paths within the ridge, because of relatively srtiall thicknesses of both the p-type ridge
InP and the cap (InGaXAsP) layers. Assuming that the thermal conductivity of the
heat sink material is much higer than thermal conductivities of the oxide and the
semiconductor layers (see Tab. 1), and making use of the formulas (B13) and (B14)
derived in the Appendix B, we may calculate these resistances in the following way:

A ai(0 = hJHpiAl,p2)/(kiiAyL)+RcAl +eR0At + ~ hsai> (27)
Raz(0 + Rs\(i) + RcA2+ "HS A2, (29)
AA3(0 =hJBpiA3ip28)/(KsAyL)-\- Rc A3+ eROA3 + RESA3, (29)
with:
\{P\P. )= [(~2)(PiP2+ I/p )+ Injp?p2|(p1p2-1)]/[p r 2+ (PiP2)2] I (30)
h = dEkJkw (31)
H = dp+ dcks/kn, (32
Piai = Ay(i—0.5)/h, (33)
PiA3= Ay(2N-i +0.5)/h, (34)

Pia = HIAy (35)
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The thermal resistances for the contact layers (Rc), the oxide layer {RJ and the
equivalent thermal resistances [36] of the heat sink CRr$) are given by:

RGA = «CA3 = Itf'.Jk'JIUd"'+dJQ, (36)
n
R,,a2= T(dc,JKJI(SL), (37)
R,a. = R.A3=dJuUd, + dJLkJ, (38)
Rhsai = Rhsa3= {05+ In[2L/(dp+ dc)] H/(ItL/cHD), (39)
Rhs.a2= [0.5+In(2LIS)]/MLIS)AykHAL, (40)
Rra(0 = | E [L/R(y)]j~\ (41)
with
R{i,j)) = {I(h+H)2+Ay2(i-j) 2y i 2}/(AyLk9), (42

or vertical walls coated with the oxide layer,
for vertical walls not coated with the oxide layer. '

For th& nominal set of the parameters listed in Tab. 2, the calculated averaged
value of the RA thermal resistance is equal to 133 K/W.

Fig. 6. Spreading (through the ridge) of the current generated in the i-th segment of the active area in the
analog electrical model. RAL, RA2 and jRA3 are composite thermal resistances. The vertical walls of the
ridge are or are not coated with the oxide laver (both cases are considered in the calculations)

5. Conclusions

In this work, the theoretical model of heat-flux spreading in a ridge-waveguide laser
was presented. To this end we have used the analog electrical method.

The active area was divided into 2iV+ | identical segments and the heat
spreading was considered for each segment separately. The resultant temperature
distribution was obtained with the aid of the suoeroosition rule.
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The heat flux generated in each segment of the active area was divided into two
parts: one flowing through the ridge and the other through the substrate. The
corresponding thermal resistances were calculated separately in the model. Their
values are in a close agreement with the experimental results.

The calculated averaged values of the composite thermal resistances RA= 133
K/W and Rb1 = Rbr =173 K/W (see Fig. 3) give the total thermal resistance of the
typical MCRW laser diode (Tab. 2) equal to 52 K/W. From the above values it
appears that in a RW laser the heat extraction through the ridge plays only
supplementary role in the whole heat-sinking process, and that 60-70% of the heat
flux generated in its active area flows through the substrate. This conclusion is in
agreement with the results of earlier theoretical papers, i.e., [34] and [35].

In the second part [48] of the work, the experimental results are presented and
compared with the theoretical ones and the influence of various construction
parameters on thermal properties of a ridge-waveguide laser is discussed.

Appendix A

Determination of the thermal resistance for a heat flow between skew faces
of a trapezoid prism

Let us derive a formula for the thermal resistance in the case of a heat flow between
skew faces of a trapezoid prism (notation used in the calculations is explained in Fig.
A). The height of the trapezoid is then equal to

Pt0 = AyX/{X2+ Y2)112 = const. (Al

A width of a heat flux flowing through the trapezoid is a function of position

PL)= RO)YIY- (")
Therefore, the increment of the thermal resistance may be written as

dRt(y) = R(y)dy/(kPt(y)L) = Ydy/(kAyL) (A3)

where Lis a height of the prism (see Fig. A), and k is the thermal conductivity of
a prism meterial.
After integration, we get finally the following formula for the thermal resistance:
Tt/2

Rt= i dRt(y) = TcY/(2kAyL). (Ad)
0
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Appendix B

Determination of the thermal resistance for a heat flow between skew faces
of a generalized trapezoid prism

Let us consider a heat flow between skew faces of a generalized trapezoid prism
shown in Fig. B, which includes the explanation of notation used in the calculations.
In this case, the height of the generalized trapezoid is not constant, changing from

PGO(y = 0) = AyX/(X2+ Y212 for y=0, (Bl
to

PGo(y = */2) = AxY/(X2+ Y212 for y=n/2. (B2)
Let us introduce two parameters:

Pi = Y/X, (B3)

Pi = Ax/Ay. (B4)

Then the height of the generalized trapezoid may be written as
PGOM = Ay[X+(p2Y -X)x'/X] * const. (B5)

Following the approach used in the Appendix A, we now find the width of a heat
flux flowing through the trapezoid in the following form:

Po(y) = PG.o(N)K(n[(X2+ "“/(xr). (Bs)
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By inserting Equation (B5) and the formula

x'IX = [L+(XIY) cotan y]-"' (B7)
into Eg. (B6), we get
PGly) = RMAY/iIXY)-] [(X2cotan(y)+ Y2p2)/(Xcotan(y)+ 7)]. (B8)

Hence the increment of the thermal resistance becomes
dRGly) = IR(y)dyl/[kPG(y)L]
= [[XYdy)/{kAyL)'] [(Xcotan(y)+ 7)/(X2cotan(y)+ 7 202)]
= [(Xdy)/(fedyL)]{[I+pltan(y)]/[pri1+PiP2an(y)]}. (B9)

The thermal resistance is obtained with the aid of the following integration:

*2
*G= gd kG(y), (BIO)
so we take advantage of two following integrals [49]:
Jax/(Ei + Manx) = [Mnlacosx + bsinx| +ax]/(a2+ b2), (B11)
Jtan xdx/{a+ btan x) = [Me—M nl|acosx+hsinx]| ]/(a2+ b2). (B12)
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After integration and some mathematical manipulations, we finally obtain the
thermal resistance in the following form:

Rg = XJR{EVp/{UyL), (B13>
with

JKPI,PY) = [(j12)(pf+pi ) +In Ipfp2|(p,p2- 1)]/[pr2+(p.p2)2: (B14)
For the case of the constant height of the trapezoid

PGo(y) = 70,0 (7 = 0) = AyXIKX2+ Y2)1/2] = const, (B15)

the above formulas ((B13), (B14)) reduce to the formula (Ad4).

Appendix C

Determination of the thermal resistance for beat flow through a bent trapezoid prism

Let us consider a heat flow through a bent trapezoid prism shown in Fig. C. In this
case the increment of the thermal resistance may be written as

= [a+ (fr--a)(2y/7)ldy

IAa+{AbrAa){2ylIn)]Lk (Ch

where k is the thermal conductivity of the prism material.

Fig. C. Heat flow through a bent trapezoid prism. Notation used in the
calculations is shown
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After integration within the limits 0 and jd2, we finally obtain the thermal
resistance Rt of the bent trapezoid prism on the following form:

n
2Lk(Ab —Aa)

For Ab = Aa, the above formula reduces to Rt0 = [7t(h+ a)]/(4JaLfc).
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TennoBble cBOlCcTBa Na3epoB ¢ H-06pasHbIM BOSIHOBOAOM,
NPUKPEeNseMbIX K KOpnycy cTopoHoi p. |. TeopeTuyeckass Mogesb

B HacToAwwel paboTe npeacTaBneHa TenaoBas MojeNnb nasepos ¢ H-o6pasHbIM BOTHOBOAOM (1a3epoB
B\Y), npuvkpennsembix K KOpNycy CTOPOHOM p. B MoAenn yuTeHbl: MHOFOypOBHeBas CTPYKTypa nasepa,
TennoBOe CONPOTMB/IEHNE KOHTAKTOB M KOPMYCa, a TakxXe yYNCTbIA TpaHcdep CMOHTAHHOM0 U3/TyYeHus.
PacnpocTpaHeHue Tenna B aHaNM3NPyeMo CPYKTYpe pewunnv, nosb3ysacb Nofobuem TennoBbIX U aMeK-
TpUYecKnx sBneHuii. Kak okasanocb, B aHanm3mpyeMblX TUMUYHbIX na3epax TensooTBOJ Yepes
rpe6eLloK UrpaeT UL JOMOMHUTENbHYIO PO/ib BO BCEM NpoLiecce TennooTBoga. 60-70% noToka Tenna,
reHeprpyemoro B UX aKTUBHbIX 061aCTAX, MPOXOAUT Yepe3 OCHOBY. TeopeTUYecKoe 3HaveHve Ten0B0ro
CONPOTUBNEHNSA CTaHAapTHoOro nasepa B\Y (5= 5 T) coctaBnser 52 K'YY.



