Reports

Plates of the Dinosaur Stegosaurus: Forced Convection

Heat Loss Fins?

Abstract. It is suggested that the plates along the arched back and tail of Stego-

saurus served an important thermoregulatory function as forced convection

X ’y

ns.

Wind tunnel experiments on finned models, internal heat conduction calculations,
and direct observations of the morphology and internal structure of stegosaur plates
support this hypothesis, demonstrating the comparative effectiveness of the plates as
heat dissipaters, controllable through input blood flow rate, temperature, and body

orientation (with respect to wind).

Of all dinosaurs, perhaps the strangest
in appearance is Stegosaurus (Fig. 1),
which is characterized by a series of
dermal bony plates along its back and
tail. The morphology of the plates and
their preserved arrangement (/) indicate
that these structures stood upright near
the dorsal midline of the animal, embed-
ded in a thick hide. Furthermore, in con-
trast to the bilateral symmetry of most
vertebrates, they were, except for the
tail spikes, arranged in an alternating
(staggered) pattern rather than paired.

Stegosaurus plates have been viewed
as ‘“‘armor’’ (/) or as anatomical struc-
tures that enhanced species-specific ago-
nistic and sexual displays (2). Whatever
the merits of these suggestions, the plate
morphology and experimental and com-
putational evidence assembled and dis-
cussed below suggest an important ther-
moregulatory function. We hope to dem-
onstrate that their arrangement, size,
shape, and probable vascularity ensured
their value as convective heat loss fins,
not unlike those currently used to en-
hance forced convective heat transfer in
compact engineering devices (3). We
first show, by heat transfer experiments
with a model in a wind tunnel, that inter-
rupted and staggered ‘‘fins’” are particu-
larly effectively deployed for augmenting
convective heat loss, irrespective of hori-
zontal wind direction. Then we consider
heat transfer within each plate, showing,
by specimen dissections and heat con-
duction computations, that their vascu-
lar structure and likely blood flow could
render even the largest plates fully effec-
tive as heat dissipaters. Since the largest
plates would be inefficient (= 4 percent
efficient) in the absence of perfusion,
control of blood flow would provide
more than an order-of-magnitude change
in fin heat dissipation, corresponding to
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an appreciable (= 50 percent) increase in
overall convective heat loss at constant
geometry, orientation, and wind speed.
Physiologically interesting corollaries of
these considerations, which strengthen
the plausibility of our hypothesis, are
pointed out where relevant.

Features deemed essential to our tran-
sient convective heat loss experiments
(4) were (i) provision of a Reynolds num-
ber, Re, of at least 10° (5), (ii) addition of
paired or staggered plates (interrupted
fins) along the model’s ‘‘back,” with a
plate/body surface area (A-) ratio com-
parable to that of Stegosaurus, (iii) ther-
mal conductivity and plate thickness ade-
quate to ensure negligible internal temper-
ature gradients, and (iv) ability to exam-
ine both wind-aligned (head-on) and
transverse orientations in the wind tun-
nel (6). The time dependence of the tem-
perature difference T(model) — T'(air) for
model heating (6) and cooling was ob-
tained on a recording potentiometer and
ultimately computer-processed to obtain
h, the average convective heat transfer

Table 1. Effect of fin deployment on experi-
mental convective heat loss. For Re = 1 x10°
and no fins, 2 (wind aligned) = 1.2 X102
watt cm™ °K~!' and A (transverse) = 1.3 X
1072 watt cm™2 °K~' (23).

Area Heat
Fin type increase }ransfer
increase
(%) (%)
Wind-aligned orientation
Continuous, paired 44.5 35.4
Interrupted, paired 28.3% 35.4
Interrupted, staggered 28.3 35.8
Transverse orientation
Continuous, paired 44.5 14.7°
Interrupted, paired 28.3 27.3
Interrupted, staggered 28.3 32.8

*Comparable to the percentage area increase, 102
A(fin)/A(unfinned), for a living Stegosaurus.

rate per unit area and temperature differ-
ence. Our pooled results for the total
convective heat transfer (Q *hA; see
Table 1) lead us to the following con-
clusions: (i) interrupted fins in the wind-
aligned orientation are rather effectively
deployed (a 28.3 percent increase in A
leads to slightly more than a 35 percent
increase in O whether the fins are paired
or staggered); (ii) only staggered fins are
really effective in the transverse orienta-
tion (a 28.3 percent increase in A gives a
32.8 percent increase in Q); (iii) in either
orientation, continuous fins are far less
effective than interrupted fins (individual
plates); and (iv) interrupted staggered
fins increase Q in the wind-aligned orien-
tation (35.8 percent) somewhat more
than Q ip the transverse orientation (32.8
percent). In this connection, the benefits
of interruption and staggering are well
Known in engineering forced convective
heat exchangers (tube bundles, internal
tube fins, and so forth) operating at near-
transition Reynolds numbers (3); such
“‘constructive interference’’ (by induced
turbulence) would not exist if the fins were
intended for radiative energy loss or gain
(7). Similarly, while a double row, even
of staggered plates (see Fig. 1), would be
inefficient for radiative loss or gain [shad-
ow effect (8)], we find them efficient for
forced convection provided they are
staggered. Observation (iv) has an inter-
esting corollary: since a long unfinned
body has markedly greater efficiency in
the transverse than in the wind-aligned
orientation (9) the O of such a body with
staggered plate fins added is less sensi-
tive to horizontal wind direction than
that of its unfinned counterpart, and this
reduces (but may not entirely eliminate)
its need to ‘“‘behaviorally”” modify body
angle relative to the prevailing wind (10,
11).

For external fin area to be effectively
utilized, internal heat transfer must also
be adequate to maintain nearly uniform
surface temperature (/2) under the pre-
vailing conditions of convective heat
loss. The following heat. conduction cal-
culations and observdtions of actual
plates reveal that while Stegosaurus’s
plate geometry was probably fixed, the
heat transfer effectiveness of the plate
array could be controlled over a wide
range by varying the flow or temperature
of their blood supply.

We consider first the steady con-
duction of heat within an isolated fin of
local thickness 2b(y), streamwise length
distribution /(y), and maximum height
Ym» losing heat to a uniform air flow of
velocity U. Assuming that (i) the effec-
tive plate thermal conductivity, A, is con-
stant and about that of quiescent H,O (1);
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Fig. 1 (left). Reconstruction of Stegosaurus (22, modified after D. C. Marsh and
Fig. 2 (right). (A) Large Stegosaurus dermal
plate (U.S. National Museum specimen 4714), fore-aft length about 70 cm. (B) Mid-
sagittal laminograph x-ray of Stegosaurus plate (Yale Peabody Museum specimen
1388), length of illustrated portion about 20 cm. The large arrow denotes a large
foramen in the plate base. Smaller arrows indicate probable plate veins.

C. G. Gilmore), length 6 to 7 m.

(ii) streamwise internal temperature gra-
dients can be neglected compared to
their longitudinal counterparts; (iii) the
streamwise average air-side heat transfer
coefficient A(y) is estimable by consid-
ering each element Ay of plate at height y
to be an independent flat plate of length
/(). one can calculate the fin effec-
tiveness factor, 7, defined as the ratio of
the actual convective heat loss from a
plate of specified geometry to that which
would have occurred if the same plate
had the root temperature T, everywhere.

Our calculations (/3) reveal that in the
absence of internal blood flow even small
Stegosaurus plates would probably oper-
ate with 7 =0.2, and for the largest
known stegosaur plates n would be con-
siderably less than unity [for example,
n =~ 0.04 for a wind speed of 8.7 m/sec
(20 miles per hour)]. But since longitudi-
nal blood flow would increase the effec-
tive A (/4) enough to cause n =1 even
for the largest plates, blood perfusion
would provide Sregosaurus with a
simple means to significantly vary the
heat loss effectiveness of all fins, espe-
cially the largest. Thus, despite their
fixed geometry, and even at constant
wind temperature, speed, and direction,
Stegosaurus would have considerable
control (= 50 percent) over his total con-
vective heat loss. Our observations of in-
tact, cross-sectioned, and x-rayed stego-
saur plates (I15) (Fig. 2) provide strong
evidence that the ‘‘living’” plate must
have indeed been capable of receiving a
rich blood supply. External surfaces of
stegosaur  plates reveal branching
grooves that, like the horn cores of
horned vertebrates, are probably vascular
channels. The bone interior is quite can-
cellous and reveals traces of large
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branching canals, which were
probably venous drainages.
While the mode of control of
blood flow rate and temper-
ature is unknown, three pos-
sible mechanisms or combina-
tions thereof seem plausible:
(i) vasomotor contraction and
relaxation of the vessels sup-
plying blood to the plates, (ii)
countercurrent heat exchangers (situated
near the bases of plates), and (iii) vascular
shunts toward and away from the plates.
All three mechanisms have ample prece-
dent among living vertebrates (11, 16).
Features of Stegosaurus deliberately
not simulated in our model experiments
are (i) plate size variation along the
arched body (Fig. 1), (ii) plate planform
shape (narrowed root. pointed tip), and
(iii) plate roughness. However, these fea-
tures further strengthen our forced con-
vection hypothesis since (i) the largest
plates are in the position of maximum
wind exposure and speed near the high-
est point on the animals’s arched back,
and (ii) blade roots. immersed in the
heated and retarded air boundary layer
adjacent to the main body (/7), would be
comparatively ineffective. Hence, for
the wind-aligned orientation, narrowing
the streamwise length near the plate base
would significantly reduce plate weight
without too high a cost in reduced abso-
lute heat loss or strength. Moreover, be-
cause of the longitudinal temperature gra-
dients within the plate [local breakdown
of assumption (ii) due to the streamwise
nonuniformity of 4] and the increased
A(y) in the transverse orientation, tip
narrowing would be efficient for forced
convection fins. Interestingly enough,
while explanations (i) and (ii) are immedi-

ate corollaries of our forced convection
hypothesis, they become problematic un-
der rival hypotheses, such as the radi-
ative fin hypothesis. Finally. while it is
difficult to estimate for the plate of a
living Stegosaurus (18). surface rough-
ness would have had a beneficial effect
on O at these near-transition Reynolds
numbers (/9).

While more complete energy balance
studies (20) on Stegosaurus and its un-
finned contemporaries might shed valu-
able additional light on questions of their
climatic tolerances and extinction, we
now believe that Stegosaurus’s plates
(Fig. 1), because of their evidently effi-
cient deployment as forced convective
heat loss fins. constituted a physi-
ologically effective thermoregulatory ad-
aptation (27).
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