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S8tatement of Originality.

hysiological work deseribed in the Thesis was carried out

Il of a Climatological project directed bdy Dr. J.D.Findlay,
and work on animale in which I played a major part was carried
- out er his Vivisection licence. The physiological measurements

AAfor-l | part of a prearranged programme in the planning of which

.~.T pleged a large part. I claim originality in the amalysis and
- presemtation of the data, the Discussions on it, the imterpretation
. of the results and the conclusions reached, Technical assistance

formed by a technical assistant.

As Btated in the Thegis the original commercially~built chamber

a a4 function and the subsequent new designs of the control

| were made by me. The system of controlling absolute humidity

: iv wot| and dry buld thermometers; the use of thermistors and

c amplifiers to provide an accurate and stable control

and the feedback circuits associated with the control of

®éilericurrent are my origimal work. The air temperature contirol systes

_scolbia g & simple on-off action with a special electronic Variac

! ler to give automatic adjustment of backing heat are original.

. Im the:final agsembly and testing of these controllers I acknowledge

{ the ssdistance of Mr. W, Nisbet, an Aesistant Experimental Officer

&t the: Institute, The necessity for using the temperature measuring
stom descrived in Chapter 9 was put forward By me and most of
wofk described im that ehaptor?uin particular the amsessment

iiﬁﬁibtvention of the errors, the reference junction and its

supplies, the matching of thermocouples and the design of

‘.’-gzztchea) was my own original work. The design of the polythene

' ¢d rectal thermometer is due- to Mr.W.Kisbet who also at

. Wy request measured the e.m.f. of the Xalium cells. The work on

g!n!l:“ 4 non-linear thermister in a linear thermometer is original.

ign and developement of the Cardiotachometer capable of

'Mm on the bovine under adverse signalinoise conditions is

‘ l. In this no claim is made, of course, for the originality

» of sued wellknown circuits as the FPhantastron, cathode follower,

| Pwin P network etc., but since in some cases the original references

;an»n.Q avallable these have not »een given. It is thought that the

g{amlittte timing and trigger circuits are new developements.
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PART I

The Effects of Thermal Environments
from 20°C. to 40°C. at High and Low
Humidities on the Physiological Re-

actions of Young Calves.



Chapter 1

General Introduction

In countries of the temperate regions of the world

cattle have for long been subjected to selective breed

ing, and a number of different breeds have been evolveh,
each highly adapted to its own function and environment.
Amohgst the most specialised breeds are the dairy cattle,
which have been developed to produce high yields and

good quality milk in their normal environment. The

high milk yield of some of these dairy cattle, as com-
pared with that of the undeveloped tropical cattle, ha

U

caused farmers and breeders in tropical countries to

import them on a large scale. As soon as these animals

enter the warmer environment, however, their milk yielﬂ
falls, and later their pure and cross-bred progeny de-
generate, often to a level lower than that of the native
cattle they are meant to replace. At least part of
this decline is caused by the climate, although some of
it is undoubtedly caused by such factors as management)
nutrition and disease. Regan & Richardson (1938) among
others have investigated the effect of temperature alone
on the milk production of Jersey cowe and have demon-
strated a fall in milk yield from 29 1lb./day at an en-
vironmental temperature of 5°C. to 17 lb./day at 35°C.
Many workers have entered this field of animal
climatology. A valuable review of the subject up to
the beginning of 1949 has been published by Findlay

(1950), and an important contribution to the physiol-




ogical background of the subject has been made by
Brody (1948).

Two different types of direct approach to the
problem have been made:
(1) Results have been collected in the field where
the animals are naturally subject to the prevailing
weather conditions. This method makes possible the
examination of large numbers of asnimals, but it is not
always possible to separate the effects of the differ-

ent factors of the environment, nor to compare results

from one district with those from another. For example,

in the field temperature and humidity usually vary in
such a way that in any one place the effects of temp-
erature completely mask the effects of humidity; and
the diurnal changes in temperature, with cold nights
and temperature rising during the mornings to high
levels in the afternoon, cause effects due to temper-
ature to be inextricably mixed with those due to time
of day.

(2) A few experiments have been carried out in
buildings equipped with special air-conditioning and
heating equipment, and to which the general term
"psychrometric chamber" can be applied. These buildi;
can hold but a comparatively small number of animals af
any one time and the collection of a large number of
results is therefore a lengthy process. It is howeve
possible in these psychrometric chambers to isolate
completely one or other of several environmental con-

ditions and so study in detall the effect of one




particular varisable. Much more intensive study of
individual animals is possible in the psychrometric
chember, and this is indeed desirable since in large-
scale work causative associations tend to become hidden
in the overall estimation of the reactions of a large
population of animals. A quotation from Witz (1936)
"..eeeedln each species each individual has its own
particular method of heat regulation", is doubtless an
overstetement but its general implications are of great
importance.

The construction of a psychrometric chamber at
the Hannah Dairy Research Institute was begun in 1947.
Many difficulties were encountered in constructing and
equipping it for use in fundamental studies of heat
regulation in cattle. However, during the course of
these preparations it was possible to use the chamber

to investigate some of the reactions of calves to theil

ve

thermal environment, reactions which had not previously
been investigated, or for which the published results
were inconclusive.

No systematic study of the skin temperature of
cattle, and only isolated experiments in the field on
scrotal temperature had been made. Heart rates had
been studied, but it was believed that the presence of
the observer might have disturbed the animals and that
the large variations which were observed might have been
considerably reduced by using a method by which the
observer could be remote from the experimental animal.

Respiration rate had received much attention, but a




disconcerting relationship had appeared in the liter-
‘ature from which it seemed that respiration rate foll-
owed the van't Hoff-Arrhenius equation with respect to
environmental temperature rather than the temperature
of the reacting system. The effect of body temperature

on respiration rate was uncertain. The sweating abild

L]

ity of cattle had been investigated (e.g. by Regan & Rich-

“ardson,1938 ), but results were inconclusive, and the
relative importance of heat-loss by evaporation of water
from the skin was not known. The effects of humidity
had been examined in & psychrometric chamber at an en-
vironmental temperature of L41°C. (Rieck & Leea, 1948),
but apart from a few inconclusive field experiments, at
no other temperature. No thorough investigations had
been made of the effect on an animal of time of exposure
to a particular environment, nor had an assessment been
made of the time necessary for an animsl to reach
approximate thermal equilibrium with its environment.
In this thesis a description is given of the
experiments which were made to provide further knowled%e

of those factors and to answer as many as possible of

the questions they raise.

The Psychrometi*ic Chamber

In 1946 plans were made at the Hannsh Dairy
Research Institute to convert two adjoining 1oose4boxe§
on the Institute's farm into a Psychrometric Chamber
and an Observation Room, with the object of studying
the thermal regulation of cattle. A much larger
chanber was already being constructed’at the Universit%




of Missouri; this has been described by McCalmont
(1946). At the beginning of 1947 conversion of the
loose-boxes, and the installation of control equipment

was started by & firm of heating and ventilating engin

eers. In the spring of 1948 the contractors handed
over the psychrometric chamber for its initial tests.

These tests showed that the chamber was useles%
in the state in which the contractors had left it;

three major faults were present:

(1) The temperature control system enabled only
two limited ranges of temperasture to be
maintained over the total required range of
15 to 45°C., and these ranges changed with
external air temperature. Even within

these ranges the chamber temperature could
not be controlled to within 2°C.

(2) Control of humidity was impossible.

(3) When the chamber was maintained at constant
temperature (with respect to time) the
floor temperature wes very much lower than
the air temperature in the middle of the

chamber, and a large vertical temperature
gradient existed.

The insufficient range of control (item 1) was dis-
covered.first and a number of unsuccessful attempts
were made by the contractors to correct it. During
this time the other two items were discovered and ex-
periments by the author shpwed that a stream of warm
alr over the floor would maintain it at the required
temperature and reduce the vertical temperature gradient

to negligible proportions. Separate floor heating at




that time was impracticable. Finally it was left to
the contractors to instal the additional floor ducting
whilst the author redesigned and installed the temp-
erature and humidity control systems. These control
systems (in their finsl form) are fully described in
Part II, Chapter 8 of this thesis.

Plate 1 is a photograph of the psychrometric
chamber, which accommodates only one animal at a time.
Its internal dimensions are 11'6" long, 6'8" wide, and
7'6" high. Owing to the ducting along the floor at
the sides, access to the animal is rather restricted
and it is undesirable to use adult cows in the chamber;
The walls are lined with cork 6 in. thick, the cork
being covered with one half inch of plaster painted
with a moisture-proof paint. The part of the floor
on which the animal stends is covered with 4 in. of
compressed cork; the surrounds are of cement. Behinh
the animal is a shallow concrete well for the collection
of faeces and urine. During an experiment the animal
is held in position by the adjustable framework of
tubular steel, seen in the centre of Plate 1, which can
be adjusted to hold any size of farm animsal. There
are two doors to the chamber. The larger one, through
which the animal enters the chamber is in the rear, the
photograph having been taken in this doorway. It is
a heavily insuleted door such as is used in large re-
frigerators, and opens directly on to the farm road,
with no intervening air-lock. The second door, smaller

but equally well-insulated, leads to the observation




room, and is Just off the extreme right foreground of
the photograph.

Fig.l shows the system by which heated and
humidified air is supplied to the chanber. The fan
blows air at the rate of approximately 300 cu.ft./min.
over & bank of heaters, and through a compartment into
which steam may be injected. The conditioned air is

led into the psychrometric chamber through the system

W

of ducts which is seen in detail on the right hand sids
of Plate 1. A damper controls the division of air
between the lower and upper ducts. The lower duct
carries air to heat the floor and the upper duct provides
the main air supply to the chamber. The four circular
appendages to the upper duct are air diffusers which
thoroughly mix the high velocity air stream inside the
duct with the air in the chamber, so that at a distanc#
of ohly a few inches frém the diffusers the air velocity
is no greater than 20 ft./min., and is less than this
near the animal. The outlet duct can be seen running
along the floor on the left of the photogreph, rising
to the top of the far wall and leaving the chamber at
its top right-hand corner. Thence it passes into the
observation room. The measuring elements for the
temperature and humidity controllers are situated in
the duct Just where it emerges from the wall. Prov-
ision is made for partially dehumidifying the air if

required, diversion from the main stream being possibli

with the aid of a series of dampers. This dehumidi-~
Tication is effective only at comparatively high




humidities. The air may then be recirculated or
allowed to escape, the degree of recirculation being
adjustable by a damper in a compartment which is common
to the fresh air, exhaust and fan ducts.

To maintain the chamber at LO°C. while con-
tinually supplyihg fresh air when the outside temper-
ature is 0°C., approximately 10 kW. of heat must be
supplied to the air. To raise the temperature of the
chamber from a low value to 40°C. in a short time much
more heat is necessary, mostly because of the high
thermal capacity of the walls and floor. A nominal
total of 16.5 kW. is available in the electric heater
bank, being supplied by one 6 kW. heater, one 3 kW
heater, a continuously variable O - 6 kW. heater, and
two smaller heaters of 500 W. and 1 kW. respectively.
The larger heaters supply the main heating load for the
chamber, and either of the smaller ones may be controll-
ed by the thermostat to hold the temperature of the
chember within fine limits. The O - 6 kW. heater is
automatically adjusted in steps of 100 to 200 W. to
provide any change in backing heat rendered necessary
by changes in the temperature of the outside air, in
the voltage of the power lines, or by a change in the
thermal demand of the chamber. For some time an ad-
Justable bimetal thermostat was used as the temperature-
sensitive element in the dry~bulb temperature control
system but this proved to be unsatisfactory and was
replaced by a thermistor/magnetic amplifier system.

Air temperature control to within * 0.2°C. over long




perliods is now possible in the room over a range from
the external ambient temperature to 45°C. On setting
the air temperature to a different value it reaches
equilibrium within less than 10 min. between any two
points within the range. The wall temperatures take
much longer to reach equilibrium, their time constant
being 3 to 4 hr. Because of heat losses through the

walls their average temperature differs from the chaMb?r

s8ir temperature by about 1°C. for each 15 to 20°C.
difference between the temperature of the chamber air
and that of the external air.

The humidity of the chamber is controlled by
a wet-bulb thermometer in the outlet duct. The signal
from a wetted thermistor after amplification maintains
the water in an electrode boiler at such a level that
the rate of generation of steam is sufficient to hold
the chamber at the required humidity, or change it to
The system has been carefully desighed to prevent
oscillation and can maintain the ebsolute humidity at
any value between the humidity of the external air and
55 mg/l., which corresponds to saturation at 42°C.
Accuracy of control is to within * 0.2°C. wet bulb

temperature, which ie in general much less than 1 mg/l.
change in absolute humidity.

Experimental Procedure

Four male calVes were individually subjected
to & nunber of different environmental temperatures at
different humidities. The standard environmental
temperatures used were 20, 25, 30, 35 and 40°C. The

L t.




absolute humidity was kept at 15 mg/l. at 20°C., and
on different occasions either the absolute humidity
was held at 17 mg/l. ('low humidity' conditions) or th?
saturation deficit was held constant at 6 mg/l. ('high
humidity' conditions) at the other environmental temp-
eratures. The different value at 20°C. was chosen
because 17 mg/l. is just about saturation value at th1§
temperature; and since the humidity could not be re-
duced below the prevailing external value, only a very

limited choice was available. Table 1 shows the inter

relationships of these different environmental humiditiles.

Two different periods of exposure to a given

| condition were adopted. In the 'short term' experi-

ments the chamber, initially at 20°C., was held at each

standard temperature for 1 hr before being raised to

the next highest temperature, humidity being maintained

'low' or 'high' throughout the day. This type of con:
dition was adopted as a formelised quasi-tropical day.
In the 'long term' experiments the animal was exposed
for approximately 6 hr. to one particular standard
temperature at either 'high' or 'low' humidity on each
day. Longer periods of exposure were impracticable
at this stage of the work for three reasons:

(a) The chamber was not suitable for leaving
an animal unattended overnight.

(b) The animal was not allowed to lie down
during an experiment and would become
tired after standing for more than 6 hr.

(¢) Peeding and drinking would almost certain-
ly modify the physiological responses of
the animal, and it was not considered desir-

10

able to leave the animal for too long without Yater.



- When not in the chamber the animals were housed
in a loose-box maintained at a temperature of about 18%0.
During the weeks when & calf was on experiment it was
fed a standard ration of % 1b. dried grass, 1%1b.
balanced concentrates and 3 lb. hay at 7.30 a.m. When
an experiment was to be performed the calf was put in
the chamber at approximately 10 a.m. The chamber had
already reached equilibrium under the initial environ-
mental condition for that day, except when the humidity
was to be high at the environmmental temperature of LO°(
Then the humldity was not raised until the thermocouple¢s,
stethograph and cardiograph electrodes had been attached
to the animal.

During the period of exposure the animal was
held by means of a metal structure placed around it an%
to which the animal was haltered. This allowed the
animal some freedom of movement, but would not allow it
to lie down or change its orientation within the chamber.
Plate 2 shows a calf in the chamber.

Much of the first hour in the chamber was takel

[ =4

up by fixing the thermocouples and other apparatus to
the calf. The period of exposure generally lasted
until 4 p.m. or just after, but if the calf's rectal
temperature rose above }2°C. before the full time
elapsed the experiment was stopped. At the end of the
exposure period the calf was removed from the chamber
to the lo@se-box and fed and watered. No feeding or
drinking was permitted during ;he time the énimal was
in the chamber.

11



Tables 2, 3, 4 and 5 give the details of the
calves used and show to what environmental conditions
each was exposed.

In each experiment, respiration rate, heart
rate, rectal temperature, skin temperature at eleven
different locations, and scrotal surface temperature
were measured, as well as the air temperature of the
chamber, the temperature of its walls, floor and
ceiling, and its humidity. Readings of all of these
were made at five minute intervals throughout the day,
except during part of the first (and very occasionally
the second) hour, whilst the measuring apparatus was
being attached to the animal. The skin of each calf
was examined for signs of sweating two or three times
during the course of each day's experimental period.

All the readings were taken in the observation

room. This was done for three reasons:

(a) In order that the presence of the observer
might not disturb the animal.

(b) So many readings were taken 'simultaneously'
that it was necessary to centralise all
indicators and to make the readings self-
recording as far as possible.

(e) At the higher temperatures and humidities
in the chamber the observer's efficiency
is greatly depressed.
The methods used in measuring each response are des-
cribed in the particular chapter to which each refers.
Detalls of the apparatus specially developed for any
of the methods are given in Part II of the thesis.

12



Plate 1. The Psychrometric Chamber

(A description is given on p.l4)
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Plate 2.

A calf in position in the
Psychrometric chamber with
thermocouples, cardiograph
belt and stethograph attached.
The rectal thermometer has been

slightly withdrawn to show
detail.
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Table 1.

The standard environmental humidities

16

employed, together with their equivalent
values on other humidity scales

Factor held Humidity Environmental temperature (°C.)
"constant" scale -
20 25 30 35 Lo
Absolute
humidity (mg/l.) 15 17 17 17 17
Saturation
Absolute deficit (mg/l.) 2 6 13 23 34
humidity
Relative ' ‘
humidity (% ) 88 4 56 L3 33
Wet Dbuld '
temperature (°C.) 18.6 | 21l.4]| 23.0} 24.6] 26.2
Saturation
| | deficit (mg/1.) 2 6 6 6 6
Saturation .
Absolute
defieit | humiaity (mg/2.) | 15 | 17 |24 | 3 |45
Relative
humidity (%) 88 T4 80 85 88
Wet bulb
temperature (°C.) 18.6 | 21l.4] 27.2]| 32.8] 38.1




Table 2. Schedule of experiments on calf AC/2

Breed: Ayrshire

Approximate date of birth 3rd Jan. 1950
Weight at beginning of experiment 120 kg.

Weight at end of experiment 140 kg.
Experiment Environmental
F No. Date temperature (°C.) Humidity
1950

1 17

2 22

3 23 June

4 26

6 28

7 3 ; July

8 10

20 - 4O

9 12

10 13 ( July Low

11 18

12 19

13 20 ( July High
j 14 21




Table 3.

Schedule of experiments on calf AC/3

Breed

Ayrshire

Approximate date of birth 1l4th April 1950
Weight at beginning of experiment 120 kg.

Weight at end of experiment 170 kg.
Experiment Bnvironmental
xpNo.. Date temperature (°C.) Humi dity
1 25 1950
2 2
L 30 20 - 4O Low
6 27
7 28 ) September
8 29
18 ig g October 12 - 30 -
11 12
12 13
13 18 October 20 - 4O High
1 19
15 20
16 23 20
17 2l 20
18 25 25
19 26 ) October 25 Low
20 27 30
21 30 30
22 31 30
23 1l 30 High
24 2 35 Low
25 3 35 High
26 8 ) November 40 Low
27 9 4o Low
28 10 40 High
29 16 4o High
30 28 Novenber 12 - 30 -

Experiments Nos. 9, 10, 30 were special experiments
in which the envirommental temperature was slowly
and steadily raised during the period of exposure.




Table 4.

Schedule of e

eriments on calf HC/1l

Breed : Highland

Approximate date of birth 12th April 1950
Weight at beginning of experiments 100 kg.

Weight at end of experiments

120 kg.

Experiment Environmental
No. Date temperature (°C.) Humidity
1950
1l 20
2 7 20
3 18 25
Decenber Low
L 19 30
5 20 35
6 21 Lo
1951
8 20
9 25
9 10 ) January 30 High
10 11 35
11 12

Lo

19



Table 5.

Schedule of experiments on calf AC/4

Breed :

Ayrshire

Approximate date of birth 1lh4th August 1950
Weight at beginning of experiments 110 kg.

Weight at end of experiments 150 kg.
Experiment Environmental
No. Date temperature (°C.) Humidity
1951
1l 12 20
2 13 20
3 i 20
L 15 25
5 16 25
6 19 ) March 30 Low
8 21 30
9 22 30
10 28 30
11 29 35
12 30 35
VT 3 4o
12 g Aprid 40
17 10 25
18 11 20
19 12 30
29 }.7 April 2 High
22 2l LO
23 25 4o
24 27 April 20
25 1l 20 - 40 Low
26 2 3 May 20 - 4O
27 3 20 - 4o
28 L % May 20 - 4O High
29 7 4o
30 8 40 Low
31 9 ) May 35 Low
e 10 35 High

20



Chapter 2

The Effect of Thermal Environment on_the
Respiration Rate of Calves

Introduction

| It is well known that the respiration rates of
|

ﬁcattle increase greatly with increasing environmental
!temperature, thus increasing the evaporative losses

1 from the respiratory tract. It has been shown by a

| respiration rate approximately doubles for a 10°C.

increase in environmental temperature. In the presen

ship.

Seath & Miller (1946) in a statistical examin-
ation of field data could find no significant changes
in respiration rate caused by changes in the relative
humidity of the environment, but Rieck & Lee (1948)
working in a psychrometric chamber showed that changes
in humidity at an environmental temperature of L1°C.
produced large changes in the respiration rates of
Jersey cows and calves. The present work has extende
this information to include the effects of humidity at
other environmental temperatures.

Fleld workers have remarked on the great var-
iability of the respiration rate of cattle in similar

,thermal environments. These variations are of great

animals may be due to differences between their ther-

number of workers (e.g. Kleiber & Regan, 1935) that th¥

. work a new investigation has been made of this relatio:

practical importance. Firstly, the variations betwee&

t

¢
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' in one animal on different occasions under apparently

moregulatory mechanisms. If these differences are
large, selection of individual animals for specific

purposes is possible. Secondly, variations occurring

identical conditions make more difficult the assess-
ment of the characteristic behaviour of that animal,
and necessitate the making of a large number of obser-
vations to determine the exact magnitude of the effect
Thus the length of any experiment or test performed on
an snimal depends on the expected variations of the
quantity measured. Further, the demonstration of the
existence of variations is a necessary precedent to th

examination of their causes. The present work there-

fore includes an investigation into the existence and

possible magnitude of such variations in the respir-

ation rate.

Methods and Apparatus

A stethograph was fastened roﬁnd the animal in
a position directly over the last thoracic vertebra
(see Plate 2). This transmitted flank respiratory
movement to & tamdour whose movement was recorded on th
paper of a kymograph moving at a speed of approximatel
25 cm/min. A standard 50 cycle A.C. motor-driven
impulse timer was used to provide 5 or 10 second time
marks on the trace. It was initially confirmed that
the record obtained actually was that of the respir-

ations by comparing the count obtained from the tracings

with those obtained simultaneocusly by (a) counting the
flank movements, (b) feeling with the hand the air

L 14
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expired at the animal's nostrils and (c) counting the
facial movements of the animal during panting. Plate
3 shows examples of the type of record obtained, the
top trace on each recording being the time marker, and
the bottom one the respirations.

The kymograph was run for approximately 1% min|
at nominally 5 min. intervals throughout the course of
the experiment. The records were later counted with
reference to the time marker. Wherever possible two
separate half-minute periods on each recording were
counted and the sum of these taken as representative

of the respiration rate during the preceding 5 min.
Results

In the short term experiments each calf spent
rather more than an hour at a temperature of 20°C. and
a humidity of 15 mg/l. at the heginning of its period
of exposure. The holding room from which the animal
had been taken was at 18°C. and therefore the animal
experienced very little change in its thermal environ-
ment when changing its quarters. The mean respiratioj
rates over the last half hour at 20°C. for each of 3
calves, for each day of the short term experiments and
at a corresponding time in the 20°C. long term experi-
ments are given in Table 6. It will be seen that the
variations, both between animals and for the same
animal on different days, were very pronounced. The
differences between the results for the different days
appeared to be random in order of date. It is clear

that large variations occur naturally at this temper-

o
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iditions at these temperatures, but in fact every animal

ature, but the cause is not at present known.

Table 7 summarizes the results obtained for the

average respiration rates of three calves at the stand-+

ard temperatures and humidities in the short term exper

iments. It shows that for all three animals both temp-

erature and humidity had a large effect on respiration

rate. As already stated, the 'high' humidity and 'lo

humidity conditions at 20°C. were identical (p.16), and

this was so also for 25°C. It would therefore be

expected that the measured respiration rates of a calf

would be approximately the same under each pair of con<

exhibited a higher respiration rate at 'high' humidity
than at 'low' humidity at all temperatures. The
differences, however, between each pair of means for
calves AC/3 and AC/4 were not significant at 20 and
25°C., but those for AC/2 were. This illustrates the
great care which must be taken in interpreting the dat%
from these short term experiments and indicates that
they are not suitesble for showing effects due to humidi
Table 8 summarizes the remults obtained from th
long term experiments on calves AC/3, AC/4 and HC/1.
The results of all replications under similar condition
have been combined to present a mean respiration rate
for each animal for each condition for each hour of
exposure. As in the short term experiments, increasin
temperature had a pronounced effect on the respiration
rate, and this was very different for each calf. For

the two animals AC/3 and HC/1 an increase in humidity

ty.
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at environmental temperatures of 35° and LO°C. was
accompanied by an increase in respiration rate, but
calf AC/4 was apparently unaffected by humidity. The
table clearly shows the influence of a third factor
which was not apparent in the results for the short temrm
experiments, namely the time of exposure. This also
was very different for each of the three calves, the
respiration rate of AC/L tending to rise to a plateau
during the second or third hour; that of AC/3 rising
to a maximum about the third hour and then falling except
at 35°C. high humidity when it attained a platesau at
2 hours; and that of HC/1l rising to a maximum and sub+
sequently falling at the lower temperatures, the time

of the commencement of the fall being deferred at intex

mediate temperatures, and then at the highest temper-
atures continuing to rise throughout the day.

The effect of time of exposure, and the differ-

1 4

ences between the animals are more apparent in Fig.2,

in which all readings of the respiration rate taken at
the normal 5 min. intervals are plotted against the time
of exposure, for the environmental condition of 30°C.
at low humidity; all replications, where these were
performed, being included in the graphs. The curve
for experiment 6 and AC/l4 was completely anomolous, the
animal having been constipated for a few days, refusing
its food and showing abnormal rectal temperature and
heart rate. The plateau attained by AC/L, the fall in
respiration rate of AC/3 near the middle of the dsay,

and the steady rise in respiration rate of HC/1 are all




plainly visible. The degree of replication, when_ the
curves were smoothed, was good, élthough there was a
large amount of scatter between consecutive points taken
at 5 minute intervals. There were also variations
over much lohger periods, a steady rise and fall over
a period greater than 30 min. being observaeble in some
regione of the curves. Even within the individual
kymograph recordings of respiration rate, large var-
iations occurred. Plate 3 gives examples of these.
Each tracing was continuous, but the different tracingL
were taken from different experiments. It was found
that the mean respiration rate over 1/4 min. to 1 min.
about each of the obviously different portions of each
tracing were 15 & 46, 32 & 58, and 53 & 26/min. res-
pectively. The tracings obtained for variations at
higher respiration rates were unsuitable for photo-
graphic reproduction owing to the close spacing of the
cycles but a few numerical examples of such 'instantanfous'
variations are 80 & 42, 60 & 108, 104 & 136, 232 & 180
and 164 & 20&.' There was a tendency for the respir-

ation rate to be less erratic at the higher frequencies,
but these changes existed in plenty over the whole ranle
of respiration rates encountered.

A series of analyses of variance has been made
in a number of individual experiments taken at random
from all the long term experiments on the three animals,
and these are presented in Table 9. In all but one
the variances due to the scatter of readings within

the hours are seen to be much less than those due to t+e

hourly variations, which demonstrates that the number




of measurements made was sufficient to detect the hourly
variations and that these existed; and that little
information concerning the overall variation during
the day was lost by grouping the 5 min. readings into
hourly means.

These hourly means, together with their standaprd

errors, are presented in Tables 10, 11 and 12, replica;:

tions for each environmental condition being given where
these were performed. If may be seen that the degree

of replication obtained under all conditions was similar
t0o that demonstrated in Fig.2 for an environment of 30

at low humidity.

The reactions of the calves to an environmental
temperature of LO°C. at high humidity are not clearly
illustrated in these tables, since the humidity was not
raised until a variable time after the calf's entry into
the chamber, in order that apparatus could be attached
to the animal. Fig.3 shows the animals' respiration
rate in this environment. To show more clearly the
effect of humidity the corresponding curves for L40°C.
at low humidity are also shown in these graphs. The
higher humidity caused an increase in the respiration
rate of two of the calves, but about 1 hr. after the
humidity had been reised, the respiration rate of AC/4
started falling, and the fall contihued until the calf
was removed from the chamber. Such a fall occurring
before the end of the second hour in the chamber was
not apparent for any other environmental condition to
which this animal was exposed, which suggests that AC/L

hed reached some particularly critical condition in
this environment.




It is instructive to examine the intervals of
time between the three high-humidity experiments Nos.
AC/L/22, 23 and 29. 1In spite of the fact that twelve
days devoted to experiments under other environmental
conditions elapsed between experiments 23 and 29, the
repeatability of the observations was good.

An analysis of variance of the hourly means of
the respiration rate of AC/L4 in Table 11 is given in
Table 13. Only the figures for environments of 20,
25, 30, 35°C. at low humidity and 30 and 35°C. at high
humidity, from the second to the sixth hour of exposurL
have been included in this anslysis, and experiments
nos. 6 and 17 have been omitted; experiment no.6 being
an anomolous experiment as discussed earlier, and no.
17 veing incomplete with regard to the measurement of
other physiological reactions. Insufficient replica-
tions were performed in the experiments on AC/3 and HC/1l
to warrant any attempt at mathematical analysis of the
results for these animals. The enalysis confirms that
the respiration rate of AC/L4 rose with environmental
temperature, and shows that these experiments did not
provide any evidence for departure from linearity in the
curve relating respiration rate with environmental temﬂ-
eraturé up to 35°C. It confirms that humidity did not
measurably affect this a nimal, but that time of exposune
did, and that at any rate from the second hour the
respiration rate changed non-linearly with time. It
further shows that no interaction was apparent between
the effects of time and temperature or humidity, i.e.

that the general shape of the curves for AC/4 in Fig.2
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is typical of the other temperatures and humidities
included in the analysis.

Since the reactions of the three animals in the
long term experiments were so different from each othen
yet showed in many instances very good replications fonr

each individual, Table 14 is given which contrasts the

main features of their behaviour.

Panting was observed in all animals almost uni
ersally at envirommental temperatures of 35 and LO°C. &t
high humidity, frquently at 40°C. at low humidity and
occasionally at 30 and 35°C. at low humidity.

Discussion
Many workers (Kleiber & Regan, 1935; Regan &

Richardson, 1938; Blaxter & Price, 1945) have attempted
to fit their results to a van't Hoff-Arrhenius equation

’
and some have reported success in this, the general
claim being that a temperature coefficient of Q10= 2
approximately has been found. Brody (1945) has dis-
cussed the van't Hoff relationship and its apparent
applicability to respiration rate and environmental
temperature. Following Kleiber & Regan (1935) the
logarithms of the respiration rates of the calves used
in the present experiments have been plotted against
the reciprocal of the absolute temperature of the en-~
vironment to give Fig.lh.
times of exposure. With such axes any curve fitting
the van't Hoff-Arrhenius equation is a straight line,
and Kleiber & Regan demonstrated that their data fell

very close to a straight line whose slope was equivalent

to a Q1o value of very nearly 2. 1In trying to fit the

This has been done for variops
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present data into such a relationship various complic-
ating factors arise. The principal of these 1is the
effect of time of exposure on the respiration rate of
the animals. This makes it very difficult to allocate
a particular value of respiration rate to an animal in
a given environment. Secondly, the variation between
animals in respiratory behaviour was so great that it
is obvious from Fig.4 that even if it were possible to
draw straight lines through the points on the graph, the
slopes of these straight lines would be very different
for different animals, and even for the same animal at
different times of exposure.

The results obtained in the present experiment#
show the existence of very marked variations in resp-
iration rate over a number of different periods, ranging
from 'instantaneous' to a general overall variation
during the day. Since the heat lost by respiration
over any perfod is dependent partly on the total number
of respirations within that period, it is important to
select a sufficiently large sample to obtain an accurate
estimate of the mean value for that period. The anal*ses
of variance in Table 9 indicate that this has been done
in the present experiments. Fewer measurements would
have masked the effect of time of exposure and led to
a8 lack of confidence in the repeatability of the results
in the different replications, and greater uncertainty
in detecting the effects of humidity. Thus by adopting

this system of making measurements every 5 min., the

number of necessary replications may be made reasonably




small (but not less than three), so keeping the time

required for the whole series of experiments to a minmpum.

The influence of time of exposure to a given

thermal environment on respiration rate: imposes a 4iff
iculty in experimental procedure which cannot readily
be overcome. The short term experiments produced

values for the respiration rates at the higher temper-

atures considerably below those in the long term exper

iments. This would be expected, since in the short
term experiments the animals had certainly not had tim%
to approach equilibrium with their environment. In
the long term experiments, particularly those on HC/1l
at the higher temperatures it is doubtful whether the
animals had attained equilibrium even after exposure
for 6 hr. On the other hand, in experiments of the
type performed by Brody (e.g. Kibler, Brody & Worstell)
1949) in which the animals were subjected to the given
environment for a week or more at a time, definite
evidence of acclimastization was found. Further work
is needed to clarify this point, but it is clear that
if a calf is in a constant environment for less than

6 hr. the full effect of the environment on the animal
is not likely to be determined.

In planning the present experiments it had been

tacitly assumed that it would be possible to obtain a
mean respiration rate for each environment for each
animal. This was found to be impossible owing to the
great influence of the time of exposure. Had such

figures been obtainable, a further step would have been
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to use them as a basis of comparison of the equilivalencs

W

of environments whereby a certain change in humidity
could be said to have the same effect as a certain
change of temperature. This may be done to a very
limited degree with the present data, Table 8 showing
that for the two calves AC/3 and HC/1l which were affected
by humidity, sn increase in absolute humidity from 17

mg/1l. to 34 mg/l. at 35°C. produced a change in respir;
ation rate about twice as large as that produced by a
change in temperature from 35°C. to L4O°C. at an ebsol-
ute humidity of 17 mg/l. Thus in this region a rise
in temperature of 5°C. was approximately equivalent to
a chenge in sbsolute humidity of 8 mg/l.

Bonsma (1940) and Gaalaas (1945) working under
practical conditions in the tropics, with calves and
cows respectively, have noted the great differences
between individual animals, but this individual variation
has not in the past been emphasised by laboratory work#rs.
Such differences are all too obvious in the present work,
and complicate any conclusions that might be drawn on
the effect of humidity on the calves, for example. It
would be expected that a large increase in humidity,
such as may be imposed on the.animals at 35 and 4o0°C.,
would cause an increase in respiration rate, as has been
demonstrated by Rieck & Lee (19!48) and also in the

present series of experiments for two of the calves bu]

v

not for the third. It is probable that an increase

in humidity at these temperatures produces an increase

in respiration rate provided the animal has not alread,



reached its maximum rate under less severe conditions.

This maximum rate lay between 200 and 250 respirations,

~

min. for the calves used in the present work.

It is desirable to use the results of these
experiments to attempt to place the animals in order
of heat tolerance, so that a comparison may be made
with such an order provided by the measurements of the
other physiological reactions which have been studied
in the present work. Although the respiration rate of
the calf AC/3 was comparatively high at 20°C. it rose
much less than that of the other calves at higher en-
vironmental temperatures, and sppeared to reach a lim-
iting value sbove 220 respirations/min. only under cont
ditions of extreme stress; also it decreased with tim
of exposure at all temperatures at low humidity. One
has no hesitation therefore in placing AC/3 first in
order of heat tolerance. Of the other two animals
Table 8 shows that at and above 30°C. AC/L had the
highest respiration rate, but atteined its daily maxi-
mum &t an early hour whilst HC/1l exhibited a steady ri

——

over a long period. It is therefore possible that al

though AC/L was making greater use of respiration as a
heat loss mechanism, thermoregulation in HC/1 was less
efficient and responded to the stimulus evoked by the
environmental temperature only when its heat balance
was more greatly disturbed. The animals may therefor$
tentatively be placed in ﬁhe order AC/3, AC/L, HC/1.
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Sumnary and Conclusions

1. The respiration rates of four bull calves were
measured under various controlled environmental temp-

eratures and humidities and for different times of ex-
posure to each thermal environment, involving a total

of approximately 3500 measurements of respiration rate,

2. A comparison of the results obtained in 'long
term' and in 'short term' experiments showed that as

far as respiration rates were concerned a considerable
period at each environmental temperature was regquired
if the animal was to reach equilibrium with its envir-
onment. Any saving of time which might accompany the
use of short term experiments would be greatly offset

by the loss of accuracy in attaining a reliable result;

Be The respiratory behaviour varied considerably

from calf to calf.

L. Under stendardized conditions at an environ-
mental temperature of 20°C. the mean respiration rates

over 30 min. of three calves varied from 12 to 84/min.

5 The respiration rates of all four calves rose
with increasing environmental temperature. At 20°C.
the respiration rates of the three calves used in the
long term experiments were 26 - 36, 52 - 70, and 78 -
108/min. respectively, rising to above 200/min. at 40°(
6.

A Y

The maximum rate of change of respiration rate

with environmental temperature occurred between 25 and
35°C.




7. It was found impossible to fit any of the datal
from these experiments to a van't Hoff-Arrhenius equa-

tion in which the independent variable was environmenuhl

temperature.

8. An increase in humidity affected each calf

differently. It caused a pronounced increase in the
respiration rate of two of the calves at 35 and L4O°C.
but the other calf was scarcely affected at 35°C: and

even exhibited a fall in respiration rate at the highepr
humidity at LO°C.

9. During individual experiments large variations
in the respiration rate were found to occur, ranging
from an increase or decrease of up to 100% within a fer
seconds, to a regular and reproducible overall variatipn
during the day. It is suggested that measurements at
5 min. intervals are necessary to investigate fully a
calf's respiratory behaviour, and that by so doing the
overall duration of a series of experiments may be mini-
mized. For the first two calves, the effect on the
respiration rate of an increasse in temperature of 5°C.
was equivalent to the effect of an increase in absol-
ute humidity of approximately 8 mg/l. at 35°C.

10. Time of exposure to any environment influenced

resplration rate markedly, although the effect varied

from calf to calf. Thus at 30°C. the respiration rate

‘of one calf reached a plateau after exposure for 2 hr.}
that of another rose to & maximum after 3 hr. and con-
tinued to fall to the end of the period of exposure;
whilst that of the third continued to rise steadily




throughout the 6 hr. period.

11. Owing to the influence of time of exposure it
was impossible to obtain from these experiments. any

mean respiration rate for a particular environment for

any of the calves.

12. Panting was observed in all the animals,
occasionally at 30°C. and almost continuously at the

highest humidities at 35 and 40°C.

13e. The large differences in respiratory behaviour
between the calves point to either a large degree of
difference in their heat tolerance (in which case they
would be placed in the order AC/3, AC/4, HC/1l of dec-
reasing heat tolerance), or else to varying degrees of
importance of the respiratory functions as a heat loss
mechanism. This is a subject which needs careful
investigation before any attempt is made to utilize
respiration rate as the basis of a heat tolerance

test for individusl calves.
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Plate 3. Reproductions of three original kymogreph

records showing sudden changes in the resp-

iration rate. In each recording the top

trace is the time marker, the second trace
is the heart beat, and the bottom trace is
the flank respiratory movement.
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Fig. 3.
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Table 6. The respiration rates of three calves
on different days after approximately
one hour's exposure to & thermsl en-
vironment of 20°C. D.B.T., 17°C. W.B.T.

Calf Respiration rate in respirations/min. on different days |Mean

AC/2 |65 61 29 26 24 12 17 20 32

AC/3 |84 69 77 54 4O 31 35 33 24 47 77 71 70| 551
AG/4 (21 20 32 39 34 13 25 39 28




Table 7.

The effect of short term exposures to thermal

environments from 20 to 40°C. at low and high
humidities on the respiration rate (respirations/
min.) of three Ayrshire calves

Calf Humidityv g:;.r:r Environmental temperature (°C.)
(n) 20 25 30 35 Lo
2 Low 18+2 | 2+2 | y3+y (100+15 | 151 + 22
AC
High 53 + 22113 + 22 |159 * 11| 206+ 4 216 *+ 16
A5/ Low 6 49 + 16| 66 * 17| 83+ 15| 94 *+ 13 | 109+ 7
High 5 64 + 16| 82 +15 112+ 17| 141 +10 | 198 + 9
o Low | 2 + 42*+16| 90+ 19[138+ 7 | 183+ 4
High 2 31 + 6 59 X 35 |122 + 231178 + 12 | 215 + 8

The entries in this table are the means and the
standard deviations of the respiration rate over
a number of days (n) during the time a calf was

at the temperature given at the head of the column.
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Table 8. The mean respiration rates of calves AC/4, AC/3
| and HC/1 for different thermal environments and
times of exposure
alf {D.B.T Humidity Hour
eDele T
¢ (°C.) 1l 2 3 L 5 6
Respirations per minute

20 Low 26 35 36 30 27 26

25 Low 30 69 77 89 85 80
30% Low 131 16 | 179 | 181 185 | 18l

Ac/h4 | 30 High 112 153 173 180 176 170
2 | s |13 |18 |37 |29 | 5% |0
5 Hi 139 1l 207

3 I.ogrh 138 211 211 205 215 212

Ty High 134 211* | 170 - - -

20 Low 57 70 63 60 52 51
25 Low 79 81 75 66 57 53

30 Low 95 102 106 90 84 72

Ac/3 | 30 High 86 107 105 110 101 85
35 Low 124 132 135 124 114 95

35 High 137 167 182 184 183 190

Lo Low 129 155 156 153 140 130

Lo High 131* 189 215 - - -

20 Low - 78 108 102 93 85

25 Low 21 70 ol 107 106 101
30 Low - 52 98 13y 158 169
HC/1 | 30 High 124 139 164 176 185 178
35 Low 54 98 125 158 183 183

35 High 155 199 211 202 - -

40 Low 122 152 181 190 204 -

High 160% 207 - - - -

# Excluding the anomolous Expt. No.6.

* The humidity was low during the early part of each period
of exposure under these envirohmental conditions, and for

a different length of time for each.

A more precise

indication of the behaviour may be seen in Fig. 3.




Table 9. The analyses of variances, within hours, of the
rewpiration rates of the three calves AC/4, AC/3,
and HC/1l, for a pumber of experiments taken at
random from Tebles 3, L and 5

Experiment |Source of Degrees of Sum of | Mean Variance

Nnoe. variance freedom squares square ratio

ACL/1 %g:;i hr 2 gigg 75

n . 33

Between hr. b 1957 489 6.590

ovs | | 8| 88 | e

n Iy 3

Between hr. 4 1698 425 2.1 §S
Total 50 18464

ACL/8 Within hr. 46 7132 155 1%
Between hr. L 11332 2833
Total 50 12904

ACL/18 Within hr. L6 3703 80 2084
Between hr. L 9201 2300
Total 53 27108

ACL/20 Within hr. us 10137 200 o1##
Between hr. L 16970 4200
Total 20 213l :

ACL/29 Within hr. 18 10103 550 10ee
Betwsen hr. 2 ll2y3 5600
Total 55 5812

AC3/16 Within hr. 51 3376 66.2 o
Between hr. L 2,36 609 9.2
Total 50 7513

AC3/19 |Within hr. 46 1453 31.6] Laee
Betwsen hr. L 6060 | 1515 | W
Total 53 10877

AC3/24 |Within hr. L9 4,605 O] ¢ 24
Between hr. L 6272 1568 16.7¢»
Total L1 88479

HCY/L Within hr. 3 9884 267 6
Between hr. n 78595 | 19649 73, 6%
Total 53 21757

HCl/9 Within hr. L8 2285 y7.6
Between hr. 5 19472 | 389y | O1.8+*

*$Significant for P<0.01
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Table 10. The effect of thermal environment and time of
exposure on the respiration rate of calf AC/4#*

BT |Exper]  Low humidity conditions ||  High humidity conditions
C. | imnt Hour no. Hour po iment|
no. | 1 2 | 3 14 15 |6 1 2 | 3 5 6 no.
1 - ol 49 | 38 | 32 | 31

- 3.7 3.0| 2.6| 2.8| 2.9

16| 20| 20| 16 | 16 | 14
20 1 3 | - | 2.2 2.1 0.5| 0.5| 0.3

o | 37| 46| 39 | 36 | 2u | 32
3.6] 2.9] 0.9] 1.8] 2.4} 2.2

L 69| 76 | 89 | au | 7
700 505 6.1 14.2 80'#
5 89 | 78 | 91 | 89 | 73
2.7 306 L|..2 607 2.5
> 116 50 | 76 | 88 | 82 | 91

- | 7.5| 2.u] 3.9] beo| 2.9

30 | 56 | 66 | 85 | 75 | 80
17 - 807 501 506 502 ,-‘-06

14

4o | 9k 130 {127 {130
3.0/10.0| 6.4| 4.6| 6.3]|10.3

(1)

g [117 |ws |183 |18y (177 [181 |l110 |wu7 |i7u |185 |181 {177 18
- ll..B 305 102 506 h.2 - 3.9 301 105 209 201
» ws [167 (178 |187 |195 |91 [laws 159 |a72 [a7u |a70 la6w | 44
9 |27 |'y.6] 3.4| 3.1 223| 2.5 ||12.2] 3.6| 1.9| 3.0| 3.6| 2.6
10 |- (80 175 172 l180 L1682
- | 3.7l 4.0l 2.8] 3.u] 2.1
11 a7 [203 [225 |229 216 |227 |l - [170 |203 (223 (207 |187

16.8| 2.6! 2.71 2.7 3.9l b8 | = [9.2{ 2.8] z23| 2.4} 3.1 | 2°

‘ 12 145 1192 |203 |204 (206 |199 |{166 |200 |207 |211 (211 |208 o1
35 7+2] 2.2] 17| 3.7| 2.0] 3.6} 8.5] 2.3| 2.1] 2.2] 1.3} 2.2

31 136 |175 {194 (197 |198 |195 |[|111 |193 |210 {219 |229 {203 22 2
1)4..6 308 2.2 2.2 109 106 1902 307 2.7 3.6 302 5.1 ‘

152 (209 |221 [223 (216 | - 108 {198 (139 | = - -
13 h2.0| 5.6| 3.u]| 3.6| 3.6 - *22.2 S| = |- | - | - 2z
199 (215 (215 | - - - 135 |210 {173 | - - -
W 1350179 2.3 - | - | - #162hz.305.9]- |- |- 23
4o 15 P22 [e20 |oou hss |e |- lle7 f2o6 f196 |- |- |- 29
14.0 702 208 - - - 1308 h-‘? 1506 - - -
30 80 (199 {203 {204 }21h4 }212
5.6 1.5 3.1 | 28] 15 2.3
*The entries on this table are the means together with their standard errors
‘of a number of observations made within each hour. The means are
respirations per minute.
*sThis was an snomolous experiment. £This whole hour at low
1 See remarks in the text. »

bumd 1 £y -



Table 11. The effect of thermal envircmient and time
of exposure on the respiration rate of calf
AC/2*
DB.I.] Bxper- Low humidity conditions High humidity conditions +
°C.|iment Hour no | ™ Hour no iment
N * no.
no.y 3 2 3 i 5 6 2 3 h 5 6
“51] 694§ 66| 64| 53| 54
16 | 076) 3.4 | 1.9 | 2.1 273 270
201 47| 63| 10| 59| 57| 52| u8
)-l-ou 303 109 2.6 1.5 107
18 | 78| 87| 84| 75| 64| 64
1.8{ 1.7 | 1.4 {2.6]1.4] 1.9
21 19| 85| | 65| 57| 51| w7
2.1| 1.5 |1.3{2.9|1.4] 2.2
o0 | 10211101105} 85| 78| 63
5¢2] 2.3 1 2.2 | o5 2.9| 3.5
0] 20| —|.96|111} 97] ou| 88} 86 {107 |105|110|101| 85 23
= | el | Lolt [Ue5 | 1e5]| 2.7 53 [1.6 {1815 3.3]2.7
o0 881 981103| 89| 80| 66
| 1.71 1e7 {15 {15 2.4 1.4
1241 132 1135 1 124 | 14| 95] 137 | 167 |182 | 183 | 183 | 190
351 24 )17 1e0]179 2.3 | 3.0] 327} 776 | 3.8 | 2.3 | 1.6 ] 2.2 | 501 25
451 1731168 | 159 | 150| 137} 136,/ 153|218 | - - -
" 26 | 8.8 1.8(1.3(33|5.7] 5.7 = Hutl7sl - | 2| C 28
1131138 | 143 | 146 | 131 | 123§ 127 | 225 |213 | - - -
27 11.9]3.0|2.0{1.2| 34} bin9.6% 4.7 l4eo] - | - | = 29

* The entries on this table are the means together with their
standard errors of a number of observations made

. The means are respirations per minute.

hour.

* The Immidity was beld low during these hours.

within each
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Table 12. The effect of thermal environment and time
of exposure on the respiration rate of calf

HC/1#

D.B.T.| Exper- Low humidity condit;lons]l, High humidity conditions AP?GI'-;
°C. |iment Hour no. Hour no. nx:?n
M-l 1l 2] 3445 1| 2| 3|4, 5| 6

o | -|_78| 95| 92| 92
- 703 301 209 302
20 7| -] - |22|uo]| 95
‘ - - 2.1 309 207
, | 2| 30| 76| 97100
25 - 2| 45| 309 | 2.1
8 ~| 120 113 | 120 | 122
| 4i9] 2.1 ] 2.9 |2.1
-| s2| 98|13y |158 124 | 139 | 164 {176 | 185 (178 | 4
30 b -| 4.8]7.2]9-9 |4k 3.5 | 2.5 | 2.1 [1.1] 2.5 | 2.2
5| 98] 125|158 {183 155 | 199 | 211 {202 - | -
35 5 | -] 60| 0| ki1 |2.6 0.6 |47 |3 22| - | - | 2©
| 122 | 152 | 181 | 190 | 204 160207} - | - | -] -
4o 6 18.0{ 43| 1.8]3.9|2.0 10.32.3| - | -] - - |1

The entries on this table are the means together with their

standard errors of a number of observations made within each hour.
The means are respirations per minute.

+ The humidity was low for part of this hour.




Table 13. Analysis of variance of the respiration rate of
calf AC/L in thermal environments of 20°C., 25°C.,
30°C. and 35°C. at low humidity, 30°C. and 35°C.
at high humidity; between the second and sixth
hours of exposure
Influence |Humidity! Temperature| Source of Degrees of| Vari- W‘Iariance Signifi-
°cC. variance | freedom ance | ratio cance
Between T 3 09633 227 xxx
Low (20, 25,30, 35| D.L.R. T#* 2 1723 3492 NS
T:lgggg- Error 8 439
(T) Between T 1 7562 |42.4 xx
High 30,35 Error 3 178
L 20 Between H 4 223 L4.04 xx
exposure Error 32 597
(H) Between H 4 655 |10.9 xx
High 30,35 D.L.R. H.®* 3 709 11.8 =
Error 16 60.0
Low 20, 25,30, 35 | H x T 12 111 1.86 NS
Temper- Error 32 59,7
ature
30,35 Hx T 4 24.8| 0.33 NS
x Hour High ’ Error 12 7.8
Between HU 1l LO7. 4.0 NS
m(mc;ity Both 0 Error 3 102 ~
HU Between HU 1 3L0| 0.055
Both 33 Error M 561 NS
Hx HU 4 275 | 0.32 NS
Humidi ty Both 30 Error 12 85.3
x
- H x HU L 5351 1.23 NS
Hour Both 35 Error 16 48.2
Between H L 398 5.61 xx
~ Both 30 D.L.R. H* 3 223 3.15 NS
Error 12 709
Hour
Between H L 586 [11.6 xx
Both 35 D.L.R. H® 3 613 |12.14 xx
Error 16 482
® D.L.R. = Deviations from X Significant P < 0.05
linear regression. xx S8Significant P < 0.01
Xxx Significant P < 0.001




Table 1l4.

LS

A comparison of the respiratory behaviour of

calves AC/4, AC/3 and HC/1l as affected by

environmental temperature, by humidity and by

time of exposure in the long term experiments

Factor
influencing
respiration
rate

Calf AC/L

Calf AC/3

Calf HC/1

Temper-
ature

The respiration rate
increased with temp-
erature almost lin-
early from 20°C. to
35°C. but the in-
crease fell off from

35°C- to kO"C.

The respiration rate
increased with temp-
erature but a maxi-
mum was not reached
at LO°C.

The respiration rat
increased with ¢

erature but a maxi-
mum was not reached

at LO°C.

Time of
exposure

The respiration rate
rose t0 a8 maximum in
the fourth or rifth
hour after which it
was constant or fell
very slowly until
the sixth hour.

The respiration rate
rose to & maximum in
the third or fourth
hour after which it
fell away more
steeply than that
of AC/L.

At the lower temper-
atures the respira-
tion rate reached a
maximum in the third
hour but at 30, 35
and 40°C. it contin-
ued to rise until
after the sixth hour.

Humidity

Humidity had no
effect on the resep-
iration rate except
at 4O°C. high humi-
dity vhere it
caused a steep fall
with time after the
first hour.

Apparently respir-
ation rate increas-
ed with humidity at
35 and LO°C.

The respiration rate
apparently increased
with humidity at 30,
35 and 40°C.

Interaction
of temper-
ature and
time of .
exposure-.

There was no inter-
action between the

effects of environ-
mental temperature

and time of expos-

ure on the respir-

ation rate.

There was no inter-
action between the

effects of environ-
mental temperature

and time of expos-

ure on the respir-

ation rate.

Higher temperatures
shifted the maximum
respiration rate to
a later hour.

Interaction
of humidity
and time of
exposure

There was no inter-
action between the
effects of humidity
and time of expos-
ure at environment-
al temperatures of
30°C. and 35°C.,but
at 40°C. humidity
caused a fall in
respiration rate
after 1 hour.

At 30°C. there was
no interaction be-
tween the effects
of humidity and time
of exposure, but at
35°C. and L0°C. the
rate of incresse of
respiration rate
with time was raised
at all hours at high
humidity.

No interaction be-
tween the effects of
hunidity and time of
exposure on respire
ation rate could bde
detected.
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Chapter 3

The Effect of Thermal Environment on
the Heart Rate of Calves

Introduction

Very few measurements on the variations of the
heart rates of bovines with environmental temperature
have been made under controlled condition. The work

of Rieck & Lee (1948) showed that environmental temperi

ature had no effect on the heart rate of cows or calves,

and that humidity affected the heart rate very slightl
in cows but not in calves. Other authors (Regan &
Richardson, 1938; Kibler & Brody, 19h9; Kibler, Brod
& Worstell, 1949) have reported slight decreases in
heart rates at higher temperatures. Kibler & Brody
point out that in their experimente the heart rate varjed

in epproximately the seme way as the heat production o0
the animals.

L")

Bonsma & Pretorius (1943) in field experiments
demonstrated that increases in environmental temperature
were associated with decreases in heart rate; bdbut whe
the heat load was excessive, particularly in strong
sunlight, a rise occurred.

In the present studies, the heart rate has been
messured in various thermal environments under condi-
tions which preclude any disturbance of the animal by
the observer. They were planned in such a way that
any changes caused by time of exposure could also be

measured.




Methods and Apparatus

In order not to disturb the animal whilst
' measuring itw heart rate, and at the same time to ob-

tain a permanent record, a method based on electro-

~cardiography was used. Cardiac potentials of greatest
magnitude, and also least disturbed by muscle potentials

are obtained when one electrode (referred to later as
the 'apex' electrode) is placed ventrally over the
fifth intercostal space where the heart beat is most
easily felt.

Three copper electrodes, each about 2 cm. in
diameter, were attached to an elastic belt which could
be fastened around the animal's thorax Just behind the
'forelegs.' The electrodes were spaced approximately
20 cm. apart, the outer two being connected via a
screened cable to the input terminals of a balanced
electronic amplifier, while the centfe electrode was
connected to earth at the amplifier. Small patches o1
hair were clipped from the animal, firstly at the con-
tact point of the 'apex' electrode and then at two
positions on the flank of the animal so that when the
'apex' electrode was in position, the other two were
over'their respective clipped patches. Good contact
between the electrodes and the enimal's skin was ensur;
ed‘by‘thc'application of a small amount of soft soap t¢
the ékin beneath the electrodes (Bell, Knox & Small,
1939). It was found that quite a large amount of 50
cycle maine interference wes sometimes 1m@res§ed upon
the animal, but this was eliminated by providing an

earthed metal gauze mat for the snimal to stand on.
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»The electronic apparatus, which is described
in full in Part II, Chapter 10, amplified the small
signals from the heart, and caused the R wave to pro-
duce a short electrical impulse which actuated a marker
pen writing on the kymograph (see Chapter 2 and Plate
3 which shows the trace of the heart impulses, respir-
ations end time marker). Heart rate was counted from
these traces in the same manner as described for the
respiration rate. The apparatus was frequently mon-
jtored with an oscilloscope to ensure that the correct

cardiac potentials were actuating the marker.

Results

Table 15 shows the great variastions in the
heart rates of three calves at an environmental temp-
erature of 20°C. at fhe beginning of each short term
experiment. Each entry in the table is the mean of
approximhtely six measurements over 1 min. made at 5
min. intervals.

Table 16 summarizes the results obtained for
‘the avéraée heart rates of these calves at the standar@
temperatures and humidities in the short term experi-

mente. None of the calves showed significant variati¢n

in heart rate with increasing environmental temperatur+
at low humidity, but there was apparently an increase
withvtempgrature at high humidity in all the calves.
Although the 'low' and 'high' humidity environmental
conditions were in reality the same at 20°C., and also
at 25°C., the calf AC/2 had greatly different heart
rates under the low and high humidity conditions. It

is therefore apparent that some external factor was
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‘affecting the heart rate, and that the magnitude of
the effect produced by this unknown factor was far
greater than that of the thermal environment.

Table 17 summarizes the results obtained from

the long term experiments on calves AC/3, AC/L4 and HC/

all replications under similar conditions being combined

to give a mean value of the heart rate of each animal
for each hour of exposure to each different thermal
environment. Tables 18, 19 and 20 show these results
in more detail, the hourly means and their standard
errors being given for each replication; whilst Fig.5)

which presents every measurement made at 30°C. at low

humidity in the long term experiments shows still greaf-

er deteil. The anomolous experiment No.6 on AC/L has
already been discussed (p.25) and except for its in-
clusion in Fig.5 end Table 18 it is otherwise ignored.
The degree of scatter between consecutive points on the
‘graphs of Fig.5 is large, but when smoothed, as for the
hourly means in Tebles 18,19 and 20, the replications
were found to preserve a typical shape, which varied
from animal to animal. As was found for respiration
rate, time of exposure played a varying part in its
effect on heart rate, and this effect was changed by
environmental temperature and humidity. At lower
temperatures the heart rate declined during the day,
but increasing thermal stress graduaslly changed this
decline to a rise for two of the calves, particularly
during the earlier hours of the day. On the whole,

the greatest and most consistent effect of temperature

on the heart rate lay in altering this pattern of ¢

|

es
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in heart rate associated with time of exposure.

Changes in heart rate of an 'instantaneous’ nat#re

such as were observed for the respiration rate could nét

be found in the individual 1} min. recordings of the

heart rate. This, and the Rgreat scatter which occurréd

between the 5 min. readings, suggest that the changes
occurred over a length of time which was long compared
with 1 min. but short compared with 5 min.

A series of asnalyses of variances of the heart
rates of the three calves AC/3, AC/4 and HC/1 is pre-

sented in Teble 21, the same experiments as were used

for a similar test on the respiration rates having been

selected for this purpose. These show that in all but

two of the experiments investigated the variance withil
hours were very much less than the variances between

hours, and that an overall variation in heart rate

throughout the day did in fact occur for all the calve#.

It has previously been stated that in the experi-

ments at 40°C. at high humidity, the humidity was not
ralsed until some time after the calf's entry into the
chamber. Tables 18, 19 and 20 do not take account of

but Fig.6, in which the heart rates were plotted againbt

the time elapsed from the animal's entry, clearly show
the behaviour of the heart rate under these conditions
In order better to illustrate the effect of humidity a

this temperature, the curves for 40°C. at low humidity

included in the graphs. There is no doubt that an inc
in humidity at L4O°C. caused a great incresse in heart
although in some instances a full half hour elapsed af

raising the humidity before the heart rate began to be

£1

this,

3]

J
are
rease

rate,
ter

affected.
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With AC/L, however, the effect was large and immediate|

Since the behaviour of the heart rate was quit
consistent for each individual animal and yet varied s
much between animals, Table 22 is given which summarizes

the differences found in the long term experiments.

Riscussion

In past work doubt has always arisen whether the
presence of an observer caused variations in the heart
rate by disturbing or exciting the animals. This factor
has been completely eliminated in the present experiment,
but even here very wide variations have been found.
In the present experiments, by making a sufficiently
large number of measurements during the course of a da&,
it has been found possible to observe a consistent
pattern of variation hour by hour, which has been shown
to vary with environmental temperature. This pattern
varies much less than does the actual level of the
heart rate and appears to be a more reliable indication
of the strain created by the heat stress. Blaxter
(1943) showed that the heart rates of cows rise during
8 meal and.decline steadily after it and Ritzman &
Benedict (1938) showed that the heart rates of steers
depend on their plane of nutrition. Kibler & Brody
(1949) have pointed out that the heart rates of their
| cows varied in approximately the same way as the cows'
heat production when they were kept for approximately
a week at éach of a number of different environmentsl

temperatures. It is possible then that the changes in

heart rate observed in the bresent experiments were




related in part to changes in the assimilation and
digestion of food during the day.

| Ths present long term experiments indicated
that the heart rates of two of the calves lincreased
with enviponmental temperature, particularly between
25°C. and 30°C. and that under a large heat stress im-
posed by a high humidity at LO°C. the heart rates of
all three rose very greatly. Bonsma & Pretorius (lgu#)
in field éxperiments on cattle have demonstrated a rise
in heart rate with increasing temperature and solar
radiation, but an apparent fall in heart rate with in-
creasing environmental temperature in the shade. This
fall was, however, closely linked with the time of day
and the present suthor believes it could be attributable
to hourly variations similar to those encountered in
the present experiments rather than to the increasing
environmental temperature. Regan & Richardson (1938)|
Kibler & Brody (1949) and Kibler, Brody & Worstell (1949)
found that lower heart rates were associated with in-
creased en?ironmental temperatures. However, thelr
animals were subjected to continuous thermal stress for
many days. at a time, and the fall in heart rate was
probably due to lowered food intake, and decreased
production of milk and heat (all of which were observed)
rather than to environmental temperature per se. The
effect of increased environmental temperature on the

dally pattern of variation in heart rate was least

marked in AC/3. Even at 35°C. at high humidity and

at 40°C. at low humidity the heart rate of this calf did

not rise‘with time of exposure, although in the other




calves the rise was apparent aﬁ 30°cC. Using this

effect as a heat tolerance test it would appear that
AC/3 was the most heat tolerant of the three calves in

these long term experiments.

Summary and Conclusions

1. The heart rates of four bull calves have been
measured at various environmental temperatures and
humidities and for different times of exposure to each
thermal environment, involving a total of approximately

3500 measurements of the heart rate.

2. - A comparison of the results of long term and
short term experiments showed that the latter type of
experiment provided unrelieble results.

Se The cardiac behaviour varied considerably from
animal to animal.

b Under standardized conditions at 20°C. the mean
heart rates of three calves over 30 min. on different
daye ranged from 63 to 137 beats/min., with an average
heart rate for the individual animals of 97, 86 and
75/min.

5e This inherent daily variation in heart rate wa
sufficient to render uncertain the interpretation of
the results concerning the effect of temperature on
heart rate in the long term experiments. However,
taking into account the fair degree of replication
obtained in the long term experiments it appears that
the heart rate of two of the calves rose with increas-

ing environmental temperature but that the heart rate
of the third did not.
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6. At 4O°C. an increase in humidity caused a very
large increase in the heart rates of all three animals}

T Time of exposure influenced the heart rates of
all three calves, although the effect varied from calf
to calf. Generally, the heart rate tended to fall
during the course of the day but the fall was considert
ably modified by environmental temperature, so that
under higher stresses it gave place to a rise. It
has been suggested that the effect of temperature on
the daily pattern of heart rate may provide a better
basis for assessing the thermal stress on a calf than

does the effect of temperature on the average vélus of

the heart rate.

8. Using this pattern as a guide, the calf AC/3
was found to be much more heat tolerant than the other

two calves.

58



Pig. 5.
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The effect of time of exposure at an en-
vironmental temperature of 30°C. and low
humidity on the heart rates of two Ayr-
shire calves and one Highland calf.

Replicate experiments are shown where these
were performed.
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Fig. 6. The effect of time of exposure at an en-
vironmental temperature of 40°C. at high
and low humidities on the heart rates of
two Ayrshire calves and one Highland calf.

Replicate experiments are shown where these
were performed.
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Table 15. The heart rates of three calves on
different days after approximately
one hour's exposure to a thermal
environment of 20°C. D.B.T., 17°C. W.B.T.

Calf Heart rate in beats/min. on different days Mean
AC/2 1 72 90 90 97 105 100 72 68 120 113 137 97
AC/3 1137 99 82 94 76 74 T4 75 80 79 90 81 82 83 79| 86

Ac/l

8y, 63 90 67 78 68 73

75
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Table 16. The effect of short term exposures to thermal
environments from 20 to 40°C. at low and high
humidities on the heart rate (beats/min.) of

three Ayrshire calves
Calf |Humidity No.org Environmental temperature °C.
days
(n) 20 25 30 35 Lo
y Low 70+ 31 68+ 1|68+ 4|70+ 6| 5% 6
AC/2
High 123 + 12 127 + 10 (129 + 11 |134 + 17| 148 * 23
. Low 91+ 11| 81+ 9| 79+ 8| 78% 7| 80 5
AC/3
High 81+ 5| 82+ 6| 83+ 4| 8+ 7]100 + 13
" Low 73+11| 71 +10 | 72+11 | 72+ 6| 77+ 9
AC
High 70+ 4| 69+ 5] 76+ 6] 8 + 71138 +15

The entries in this table are the means and the

standard deviations of the heart rate over a
number of days (n) during the time the calf was
at the temperature given at the head of the column.




Table 17. The mean heart rates (heart beats/min.) of
calves AC/L, AC/3 and HC/1 for different
environments and times of exposure
Calf { D.B.T.| Humidity Hour 410. | ,

(°c.) 1 2 | 3 | & 5 | 6

20 Low 74 74 75 70 68 67

25 Low 69 75 75 72 73 71

+ Low 99 105 105 | 108 | 108 | 107

A0/l 30 High 23 | & 79 80 go | 78
Low 93 | o4 | 104 | 106 102 97

35 High 82 | 102 | 102 | 110 | 122 | 127

Low 106 {11y | 122 | 137 122 | 115

Lo High 98 *| 162 | 190 Z - |-
20 Low 81 82 17 5 75 74

25 Low 78 76 74 70 69 67

Low 90 91 85 83 8L | 78

y 30 Eigh 95 | 90 | 90| 8 | 85 | 80
AC/3 Low 89 85 83 83 g2 | 80
35 High 97 | 97 | 96| 98 | 96 | 95
40 Low 99 | 97 93 92 93 | 90

High 95 & 99 117 127 - -

20 Low - 92 85 87 87 87

25 Low 81 7 77 75 76 78
Low 69 76 76 77 77 79
HC/1 >0 High 68 70 69 71 72 | 7L
Low 65 71 74 78 79 81

35 High 12 80 99 | 121 - -

40 Low 13 T4 78 85 88 -

High 73 ¢| 98 - - - -

+ Excluding the anomolous Experiment No.6.

¢ The humidity was low during the early part of each

period of exposure to these environmental conditions
Tor a different length of time for each.
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Table 18. The effect of thermal environment and time of
exposure on the heart rate of calf AC/L*

L

rD.B.T, Exper- ‘Low humidity conditions | High humidity conditions
(°C.) | iment Hour no. Hour no. dm
mel a2 |35 |e]lr)e| 3 fu|s|e]|™
1 - 841 90| 80| 80} 79
- 106 106 107 201 106
20 3 6h| 62| 64| 62| 60| 58
- O-h 102 1-0 907 008
2l 85| 76| 70| 68| 64| 64
3.6 | 0.8 |1.111.7 0.9} 0.8
L -1 - 791 721 74| 72
- - - 106 009 106
o5 5 69| 7h | 72| 73| 74| 72
2.5 |14 2.0} 1.1}0.9]|0.3
16 - 3 731 71| 70] 70

- 009 0.7 101 1.1 100i

& 68| 68| 70| 76 77| 79
360 1 1ol |05 112 ] 241 | 145

8 98 | 104 1103 |10y |106 | 103 | 72| 80| 80 | 86| 81| 81| 14
- {238/0.9|1.6]1.5}0.9) - [1.7]| 0.5 |1.4|2.0]2.2
30

9 100 104 | 99 |1o4 104 {206 ) 75| 82| 79| 74| 80| 76 19
! - 109 108 101 lou 20& 301 1.2 101 009 101 009

10 - |107 |111 {115 {115 | 111
- 602 106 203 1.0 205#‘
11 98 | 111 {113 {116 { 104 {108 | 78 | 108 | 206 {119 {138 | 151 20
l‘.ol 10“ 008 106 2.7 102 - 100 105 301 20‘-‘» 106
12 98 1105 1109 11101109 | 99} 96| 95| 103 |117 | 116 | 118 1
35 2¢5 13|10 |14 2.0 2.3 )0.7]0.6]21.2 {1.6]2.1]2.0
' 83| 96| 90| 93| 95| 86 ‘ 72 {101 97 | 93|11 |11
31 2.9 (1.8 1.00.9|0.7|2.6 Ju.2]|1.8]2:1 |121 3.2 | 1.2} 32
75| 96 111|135 (126 | - | 95164 - -1 - -
15 5.0 | 2.1 | 3.3 | 2.2 | 3.0 - .;‘ w7l - | - | - | - |22
106 {110 {118 | - | = | - | 954166|290 ) - | - | -
40 1 1.2)2.0(2.6| = | - | = |5:3M 6.2 1.7 | - - - |25
139 {142 1161 |177 | - - fio4, 41561190 | - - -
Bolza|3a|s7|ss]| - | - |scé7ulzzl - |2 | 2|2

30 106 |108 | 99 |101 {117 |115
4.0 [ 0.9 0.9 |1.5 | 2.5 | 0.9 i

*The entries in this table are the means, together with their standard errory,
of a nunmber of observations as specified on Pe 12 The means are beats/min.

* Anomolous experiment (see text). # The humidity was low during these hourn.‘?
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Table 19. The effect of thermal enviromment and time
of exposure on the heart rate of calf AC/3*
.B.T.|Exper- Low humidity conditlions I High humidity conditions E::::
°C.) | iment Hour no. Hour no. o
. no. 1 2 3 5 6 1 2 3 L 5 6 .
16 go| 86| 78y 771 77| 76
0.7(1.0]1.1]2.110.7{0.9
20 27 81| 781 75| 74| 73| 72
1.8!1.210.8|0.80.6]0.1
18 78| 781 76| 72| 71| 69
25 1.2 122 ]21.112.0 071 0.7
29 | 78| 73| 71| 68| 68| 68
0.7} 0.5 1.6} 0.7 1.2} 1.2
o0 88| 91| 87| 85| 83| 76
1.6 0.9}0.8}1.1 1.0} 0.7
- 91| 85| 86| 84| 82| 95| 90| 90| 86| 85| 80
| 2 - {1ulo.9l1.10.8] 0.9 2:311700.8]1.2]12.9]1.0] 23
92| 90| 82| 79| 78| 77 '
22 | 57611.:0|1.4]0.6]0.6] 2.0
89| 86| 83| 83| 82| 80| 97| 97| 96| 98| 96| 95
3 | 2 |1.9]0.7]|1.2|0.7]0.6]0.6)0.7]1.21:3]15]1.3]1.5] %
26 Not measured 27+ d?3+ %?g tfg -1 T 28
99| 97| 93| 92| 93| 90 92, 99128 | - - -
i~h° 27 | 0.6]0.6]1.1|1.0]12:2 1.010.3+ 1.8|3.9| - | - | -2

¢ The entries in this table are the means, together with their
standard errors, of a number of observations as specified on
The means are beats per minute.

P 12 .

* The mmidity wae held low during this hour.
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Table 20. The effect of thermsal environment and time
of exposure on the heart rate of calf HC/1#
D.B.T.|Exper-| Low humidity conditions ] High humidity conditions
°g )1ment Hour no. Hour no. imen
(°C)I™ po. 1 4 6 1 2 3 6 ino.
- 95| 87| 85| 84 | -
1 -1 2 ]o.6|1.1]0.9]| -
- 88| 83| 814} 81| 80
20 | 2 - 10,9{0.9 |1.0 |0.8 {1.1
7 - - {100{ 97} 96| 95
- - 1oh 1.9 202 109
3 81| 82| 82| 79| 80 | 81
- 1.0 008 005 0.8 l.O
S -l 72|l 2| |
- | 0.7 0.9 [0.6 |0.5 {0.8
.30 L 69| 761 76 | 77| 77| 19| 68| TO| 69| T1| 72| T4 9
- | 1.2]0.9 1.7 (0.9 0.64‘0.9 0.8] 0.5] 0.7} Oels | 0.7
65 71| 74| 78| 79 |8 | 71| 80| 99|1l2l| - -
3% | 5 21o.3| 0.6| 0.7] 0.6| o.6lo.8|21.3| 3ck|7.6] - | - |
73| | 7885|888 | - 73] 98 - -1 -1 -
b | 6 1.610.7 0.5 0.5 {2.2 | - lo.8Y500] - | -1 - | -

The entries in this table are the means, together with their

gzzgdard errors, of a number of observations made within each

The means are beats per minute.

* The humidity was low for part of this hour.

b s
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Table 21. The analyses of variances, within hours, of the
heart rates of the three calves AC/l, AC/3 and
HC/1 for a number of experiments taken at random
from Tebles 3, 4 and 5
Experiment | Source of Degrees of Sum of Mean | Variance
no. variance freedom squares square ratio
Total 37 1528 -
ACL/1 Within hr. 33 799 24.2 ] 148 xx
d Between hr. L 14429 3607
Total T 775 -
ACl/5 Wgtgin hr. 39 696 17.8| 1l.12¢NS
Between hr. 5 79 16.0
Total L8 1275 -
ACl/8 Within hr. L 960 21.8 | 3.62 x
Between hr. L 315 79.0
Total 50 L5 -
ACL/18 Within hr. 46 742 16.1| 3.16 x
Between hr. L 203 50.9
W20 | withi 83 2 | i
ACL/ 20 Within hr. 9 .
Between hr. i 16365 yo91 | 825 xx
Total 20 24818 -
ACl/29 Within hr. 18 8009 Ly 18.9 xx
Between hr. 2 16809 8Lol
Total 58 1355 -
AC3/16 Within hr. 53 565 10.7 | 14.8 xx
Between hr. 5 790 158
Total 51 1150 -
AC3/19 Within hr. L6 536 11.7 | 10.5 xx
Between hr. 5 61h 123
Total 56 672 -
AC3/24 | Within hr. 51 4y 8.12 | 6.36 xx
, Between hr. 5 258 51.6
Total Lo 315 -
HC1l/L4 Within hr. 36 274 7.61] 1.38 NS
Between hr. L 41.9 10.5
Total 53 379 -
HC1l/9 Within hr,. L8 197 L4190 | 8.89 xx
Between hr. 5 182 36.5

xx 8ignificant for P < 0.01

X Significant for P < 0.05

® The larger mean square is associated with the
greater number of degrees of freedom.




heart rate was greatly
increased by the

higher humidity.

walue throughout the
day. At 40°C.a fall in
heart rate with time
was converted to a rise
with time at the

higher humidi ty.

Table 22. A comparison of the behaviour of the heart ratesof
calves AC/Y4, AC/3 end HC/1 as affected by environ-
mental temperature, humidity and time of exposure
Factor
influen- alf AC Calf AC, Calf HC/1
cing heart ¢ /U /3 /
_rate
Heart rate increased Heart rate increased |Heart rate possibly
‘ with environmental with environmental decreased with en-
Temper- |, mperature, particul- |temperature, particul-|vironmental tempers
ature arly between 25° and arly between 25° and |ature except at the
30°C. 30°C. later hours between
35°C. and LO°C.
when it rose.
Heart rate fell with Heart rate fell with |Heart rate fell with |
time at the lowest en-~ |time at all temper- time at the lower
vironmental temperature;|atures at low humidity] temperatures but
Tme of |PUt at higher temper- |It was unaffected by |rose with time at
o atures it rose to a time at 35°C. high the higher temper-
8XpOSUT® | maximum near the middle|humidity and rose with|atures in both high
of the day and then fell|time at 40°C. high and low humidities.
At the highest temper- |humidity.
atures and humidity it
rose rapidly with time.
At 30°C.a rise in hum- |At 30°C.a rise in hum-{At 30°C.a rise in
idity apparently caused|idity had very little |humidity apparently
a fall in heart rate; effect, at 35°C.a fall|caused a decrease in
Humidity |at 35°C.a rise in hum- |with time gave place |heart rate; at 35°C. |
1dity prolonged the rise|to a constant value at|and 4O°C.an increase |
and at 40°C.an increase|the higher humidity; |in humidity caused |
in humidity caused a at 40°C.a high humidity|a marked increase ia |
very large 'increase in |caused a large incresed heart rate. 4
heart rate. in heart rate.
A fall of heart rate A heart rate constant
Intere with time at lower temp-~| There was no throughout the day
action of| eratures changed throygh] ihteraction at low temperatures
temper- |constancy at intermed- apparent. gave place to a
ature iate temperatures to a steady rise with
and time |[rise followed by a fall time at higher
of ex- during the day, at the temperatures.
| posure higher {temperatures.
At 30°C.there was no At 30°C.there was no |At 30°C.there was no
Inter- interaction; at 35°C. |interaction; at 35°C. |interaction; at 35°C.
action ofja higher humidity a decrease in heart the rate of increase
humidlity | changed the decrease rate with time was of heart rate with
and time |after the fourth hour |changed by a rise in |time increased with
of ex- to an increase; at 4OT.|humidity to a constent |humidity. At 40°C.th
posure the rate of rise of

rate of rise with
increased slightly
during the first hour
atd then there was a
sudden large 1ncreasq

in the heart rate.




Chapter 4

The Effect of Thermal Environment on the Rectal
Temperature of Calves

Introduction

For many purposes; for example in clinical
studies, the terms rectal temperature and body temper-
ature have been regarded as synonomous. The main
reason for this is that the rectal temperature is the
most constant of the more easily measured temperatures
of the intact animal, and that changes in it reflect
changes in the temperature of the deep core of the an-
imal in which lie the principal organs and the main
sources of heat production. It is shown in another
chapter of this thesis (p.103) that the skin temperature
of a calf is usually very different from its rectal
temperature. Walther, Bishop & Warren (194l1) have
demonstrated large differences between internal temper+
etures at various points in calves. Hardy & Dubois
(1938) have studied the distribution of heat storage
between the 'body' end the skin, and the meaning of
'body' temperature has been discussed by Dubois (1948)|
In the experiments described here the rectal temperature
has been measured, and following Hardy & Dubois, it ha&
been taken as representative of the temperature of the
body of the animal at a distance greater than 1 em.
beneath the surface of its skin.

The normal rectal temperature of homeothermic
mammals lies within the range 36°C. to 40°C. different
species having different normal rectal temperatures.




For each species there exists a neutral zone of envir-
onmental fémperature Within which the animal can main-
tain a normal rectal temperature by physical regulation
of its heat loss. In a wide range of environmental
temperatures below this zone body temperature is main-
tained by a rise in heat production of the animal, but
above the neutral zone there normally exists only a
small range before lethal environments are encountered
(Brody, 1945).

Gaalaas (1945) has measured the rectal temper-
ature of a large number of cattle in the field at en-
vironmental temperatures between 10°C. and 15°C. and
obtained a mean value of 38.2°C. with standard deviation
0.3°C. and range 37.2°C. to 39.1°C. Brody (1945)
gives almost exactly the same figure for the normal
body temﬁeréturex of cattle indigenous to temperate
regions.

A number of authors (Freeborn, Regan & Berry,
1934; Regan & Richardson, 1938; Rhoad, 1938; Gaalaas
1945; Rieck & Lee, 1948; Xibler & Brody, 1950b) have

measured the effect of environmental temperature on th
rectal temperatures of cows or calves in psychrametric
chambers or in the field. They have all demonstrated

a rise in rectal temperature with environmental temper-

T

atures above about 25°C. and Rieck & Lee have demon-
strated that humidity has an effect at 40°C. Rhoad
(1o4k) has introduced an 'adaptability coefficient’
which measures the adaptation of cattle to a high en-
vironmental temperature in terms of their rectal temp-

erature. This has been slightly modified by Gaalaas




(1947) but the results refer to groups of animals rather
than to individuals.

Not only does the body temperature vary from
place to place within the animal, but the rectal temp-
erature changes at different depths within the réctum.

Kriss (1921) has shown that by varying the depth of in

sertion of the thermometer in the rectum from 10 to 18
cm. the indicated température changes from 38.1°C. to
%38.7°C. It is thus necessary to standardize carefullf
the depth of insertion of any thermometer used in detepr-
mining rectal temperatures.
In these experiments the rectal temperatures of
the calves have been measured (1) with a view to investi-
gating their variations, (2) as a partial measure of
heat storage in these animals, and (3) as a basis of

comparison for other physiological changes within the
animals.

Methods

Rectal temperature was measured thermoelectricLlly
with apparatus developed especially for these studies
as described in Part II, Chapter 9. An overall
accuracy of * 0.1°C. on individusl readings is claimed

The stem of the thermometer consisted of a

length of thick-walled polythene tubing, 7 mm. in

diameter and 20 ecm. long through which passed the ther

¥

mocouple wirs. Into one end was fixed a smooth coppef
dome which made good thermal contact with the walls of
the rectum. The thermocouple wires were soldered to
this copper dome. The polythene tubing had been per-
manently bent by heating so that after insertion into




the rectum to the standard depth of 15 cm. the outside
end fitted neatly to the hollow between the animal's
rump and its tail, to the root of which the thermometer
was fastened with adhesive tape.

Usually the thermometer was expelled from the
rectum by the act of defaecation which occurred two or
three times during the course of the day. This was
easily noticed and the thermometer replaced in good

time to arrive at equilibrium before the next reading

was made.

Results

Table 23 gives the mean rectal temperature of
each of three calves over 30 min. on different days
after exposure for 1 hr to an environmental temperature
of 20°C. at the start of each short term experiment ang
in the 20°C. long term experiments. The averages of
these daily means for the individual calves were 39.0,
38.4 and 38.0°C., and the range for all the calves was
375 = 39.7°C.

Table 24 summarizes the measurements of rectal
temperatures of the same three calves for all the en-
vironmental conditione in the short term experiments.
It 18 apparent from this table that the rectal temper-
ature of each calf rose with environmental temperature
between 20°C. and 40°C. and more noticeably above 30°C,
environmental temperature;
at high humidity than at low humidity.

Table 25 summarizes all the results from the
long term experiments.

to a particular environment is seen to have affected

and that the rise was greater

The time of exposure of a calf

72
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the rectal temperature, particularly at the higher en-
vironmental temperatures, when the rectal temperature
continued rising throughout the day. A comparison of
these figures with those of Table 24 for the short terﬂ
experiments showed that the latter gave values of rectﬁl
temperature much lower than those reached at the later
hours of the long term experiments, presumably because
of the short time of exposure to each thermal environm%nt.
Even in the long term experiments the rectal temperatures
of the calves were still rising at the ends of the peripds
of exposure, and it appeared that some further time musit
elapse before the animals could approach equilibrium
with their environment.

Tables 26, 27 & 28 present the hourly means and
their standard errors of the rectal temperature in each
replicate experiment under each environmental condition
for each of the animals in the long term experiments.
Fig.7 gives all the measurements of rectal temperature
at 5 min. intervals at 30°C. at low humidity. The step~-
like appearance of these curves 1s due to the fact that
,measurements were read to the nearest 0.1°C. The com-
paritively large Jumps which occurred were associated
with defaecation; it was found that just prior to de-
faecation the rectal temperature fell slightly and afte

wards often temporarily rose to a rather higher value.

Experiment no.6 on AC/4 has been discussed earlier (p.25)
knd in view of the animal's abnormal behaviour in these
respects this experiment has been ignored in assessing

the effects of thermal environment on the calves, excep

for its inclusion in Fig.7 and Table 26. It may be




observed from the curves of Fig.7, and from Tables 26,
27 & 28, that although the level of the rectal temperature
of é calf was different on different days at the same
environmental temperature, the rate of change with time
was similar for the different days, but that this rate
of change was different for different calves.

The reactions of the calves to an environmental
temperature of U40O°C. at high humidity are not clearly
illustrated in the tebles since the humidity was not
raised until a variable time after the animals' entries
into the chamber, and so Fig.8 is given to show the
calves' rectal temperatures in this environment. To
show more clearly the effect of humidity the corresponding
curves for 40°C. at low humidity are included in the
graphs. The rate of rise of rectal temperature was
immediately and greatly increased by the increase in
humidlty, as would be expected since evaporative loss
was almost entirely eliminated at this high humidity.

Discussion

Both the short term and the long term experiments

showed that the rectal temperature varied from day to dfy;
further, the long term experiments showed a larger in-
crease In the rectal temperature with time of exposure

to & new thermal environment. It would therefore appe

——
H

that the more realistic measure of the effect of thermal

)

environment is the rate of change of rectal temperature

With time, rather than the actual value of the rectal

temperature. This rate of increase is in part a measure

of the heat storage of the enimal.
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All the calves in the long term experiments
showed the same general trends in rate of rise of rectal
temperature, but each to a different degree (Tables 26,
27 & 28). Rate of rise of rectal temperature increased
with environmental temperature, and also with humidity

at 35°C. and 40°cC. The threshold environmental temper

ature at which rectal temperature could definitely be
said to start to rise with time varied from animsl to
animal. Calves AC/L4 and HC/l already exhibited an

appreciable rise at an environmental temperature of 25°C;

but for AC/3 the rectal temperature was practically con

stant at 30°C., except for a small rise at the end of
the day. Similarly the rate of rise of rectal temper-
ature with time at other environmental temperatures was
least for AC/3 and greatest for HC/1.

The behaviour of the rectal temperature at an
environmental temperature of LO°C. is of particular intér-
est sinée at this temperature heat loss by radiation and
convection are practically zero (p.93 ). At 4O°C. at
high humidi@y evaporative cooling is also practically
eliminated and so the rate of rise of rectal temperaturé
is a measure of the heat production of the calf. Fig.$

therefore provides an indication of the ratio of evapor-

Ftive heat loss to heat production at 4O°C. An estimate

pf this may be made on the basis of the following equation:

- of heat 1 ‘
§vapora:ion?:2 ngc. = Heat production minus heat torage

low humidity Heat production
ere the heat production is proportional to the rate of

ise of rectal temperature at 40°C. high humidity, and

eat storage is proportional to the rate of rise of




rectal temperature at 40°C. low humidity. This gives
the percentage of heat loss by evaporation of AC/3, ACAL
and HC/1 as 90%, 70% and 60% respectively.
‘In these experiments the rectal temperature never
reached equilibrium at the higher environmental temper-
atures. Doubtless had the exposure to a particular
environment.been extended in time an equilibrium value
would have been reached. It is probable, however, thgt
at the highest temperatures this would be possible only
by a decrease in the animal's heat production, which
would conceal the effects of temperature on the physicﬁl
heat-regulating system of the animal. Kibler & Brody
(1950b) have demonstrated such a fall in heat productian

in cows which was associated with a voluntarily-redﬁce#

food intake.

Summary
1l.: The rectal temperatures of four bull calves haﬁe
been measured under controlled environmental temperatures
and hunidities and for different times of exposure to
each thermal environment, involving a total of approxi-

mately 3500 measurements of rectal temperature.

2. The short term experiments gave considerably
lower values for rectal temperature than did the long

term experiments at environmental temperatures of 30°C.

and above.

3 The behaviour of the rectal temperature varied
considerably from calf to calf.
L.

Under standardized conditions at an environmentFI

temperature of 20°C. the mean rectal temperature over




30 min. of three calves ranged from 37.5 to 39.7°C.,

the averages for the individual calves being 39.0, 38.4
and 3800000

5e The rectal temperatures rose with increasing

environmental temperature, although to a different degriee
for each animal.

6. At the higher environmental temperatures the
rectal temperatures of all the calves were still rising

at the end of the period of exposure, even in the long

term experiments.

Te The rate of rise of rectal temperature with ti@e
was a better index of the calf's ability to withstand

thermal stress than was the actual rectal temperature.

8. In two of the calves used in the long term expepr-

iments the rectal temperature increased with time of ex

posure even at 25°C., but for the other calf (AC/3) the
rectal temperature was hardly affected at 30°C.

9. Increases in humidity at 35°C. and 4O°C. increaked
the rate of rise of rectal temperature with time for salll

the calves.

10. It has been found possible to estimate the per=-
centage of heat lost by evaporation at h0°c.“ﬁ'This was
90%, 70% and 60% for calves AC/3, AC/L and HC/1 respec-
tively.

11. From a consideration of the effect of environ-
mental temperature on the rate of increesse of rectal

§empergture with time, and also of the calculated evap-
orative loss at L40°C., the animals may be placed in the

order AC/3, AC/4, HC/1 of decreasing heat tolerance.
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Table 23. The rectal temperatures of three calves
on different days after approximately one
hour's exposure to s thermal environment
of 20°C. D.B.T., 17°C. W.B.T.

Rectal temperature on different days (°C.) . , | - .

38.8 39.0 39.7 39.1 38.9 38.7 39.2 39.3 38.7 38.9 39.1 39.3 38.5 38.5  [39.0]

38.9 38.9 38.6 38.5 38.7 38.3 38.2 38.0 38.4 37.8 38.6 38.3 38.3 38.4 38.3 38.&

39.0 37.7 38.2 37.9 38.1 37.8 37.5 37.8 | |  {38.0
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Table 24. The effect of short term exposures to thermal
environments from 20 to LO°C. at low and high
humidities on the rectal temperature (°C.) of

three Ayrshire calves
Calf ﬁumidity ﬁo.or Environmental témpefature (:C;)
& | 20 25 30 35 4o
y Low 3 38.9+0.3 | 38.9+0.4 | 38.9+0.3 | 39.2+0.4 | 39.6+0.4
AC/2
High 3 38.8%0.5 | 38.9+0.3 | 39.2*0.3 | 39.6+0.1 | 40.7+0.2
/ Low 6 38.‘4.:00‘4- 3805100‘-'- 38. ao.h 38-8:003 390’410.2
AC/3
High 5 | 38431042 | 38434042 | 38.7+0+2 | 39.3 0.4 |LO.6+0 4
" Low 2 37.9+0.0 | 37.9+0.1 | 38.3*0.1 | 38.6%+0.1 |39.5%0.1
AC
High 2 | 37.6+0.2 | 37.6+0.0 | 38.1+0.2 | 38.6+0.2 |39.7+0.2

The entries in this table are the means and the
standard deviations of the rectal temperatures
over a mmber of days (n), during the time the
calf was at the environmental temperature given
at the head of the column.
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Teble 25. The mean rectal temperature (in °C.) of calves
/L4, AC/3 and HC/1 for different thermal en-
vironments and times of exposure

8

1f | D.B.T. | Humidit Hour B
galf | D2y "I T =21 > 4w | 5 1 6
20 Low 37.8 38.2 38.1 37+9 38.2 38.2
25 Low 38.1 379 38.0 3802 380’4 3806
30 Lowf 37.9 | 38.8 | 39.0 39.3 394 395
High 38.2 | 38.4 | 38.7 38.9 39.0 39.2
AC/l 55 Low 38.3 | 38.7 | 39.1 | 39.4 | 39.6 | 39.8
High 38.1 38.7 39.4 40.3 40.7 4l1.2
40 Low 38.6 | 39.5 | LO.3 0.9 LO.7 40.9
mgh 3801“ Ll'o'l LI»]-OB bl - -
20 Low 3803 380’4 38.’-& 38.5 3807 38°3
25 Low 38.5 384 38.4 28.3 38.5 38.6
20 Low 38.8 39.0 39.0 39.0 39.1 393
High 38.9 | 39.0 | 39.2 39.4 39.3 | 394
Ac/3 - Low 39.4 | 39.5 | 39.5 | 39.4 | 39.6 | 39.8
High 29.5 | 40.0 | LO.4 Lo.6 40.9 4l.2
140 Low 39.4 | 39.8 | 39.9 40.1 40.1 40.3
High 3905‘ h0.0* hl.2 Ll-107 - -
20 Low - 39.2 | 39.6 | 39.4 | 39.5 | 39.5
25 Low - 39.6 29.8 40.0 4LO.1 LO.2
30 LO' - 3909 39.6 ll.O.l LI-O.G ‘JDQ?
HG/1 High | 39.2 | 39.5 | 4o.2 | 40.7 | 41.0 | 4.2
Low - 3906 h.O.B h0.9 h-lol L|.1.2
35 Eigh | 39.5 | 0.8 | 415 | - - -
LO' 3909 u003 Ll.lol ul. [ -
Lo High | 39.8+| u1.6 | - Ll Bt B

# Excluding the anomolous Experiment No.6.

¢ The humidity was low during the early part of each period of
exposure under these environmental conditions, and for a
different length of time for each. A more precise indication
of the behaviour may be seen in Fig.8.



The effect of thermal envi

ronment and time

83

Table 26.
of exposure on the rectal temperature of calf Acég*
| f%EETTT Exper- Low humi ' | '
£%C.) | 1ment X %ity cohditions ' High humidity conditions Exper-
Rno. 1 2 our ﬁ°' 6 Hour mo. iment |
1 2 3 N 5 6 no.
1 = 38'96 38069 38060 38065 38.514 :
- 0.05| 0.02] 0.00| 0.03] 0.01
% 3 - | 38.03| 38.00| 38.07] 38.03| 38.00
- 0.02| 0.01| 0.03| 0.01] 0.00
- 37.82| 37.65| 37.66 .70 .78 «96
L - 38.53| 38.49 | 38.40| 38. «58
- 0.05| "0.01 | 0.02 30.3% 33.85~
5 |38.13] 38.14] 38.29 | 38.47] 38. .
25 0.03| 0.05] 0.05| 0.05 30.83 38.3;
16 - 37""0 37’&2 37086 .18 .
- 0.00 0002 0007 38002 Bgogg
1 - 37,79 | 38.05 | 38.21| 38.32| 38.6
T~— U - 0.12| 0.06| 0.01 30.83 30.8%
6‘ 37085 38.07 380“0 38061 . 8.8
0.03| "0.02| 0.05]| 0.01 Bg.gg 30.12
8 - 38,91 | 39.17 | 39.40 | 39.44 39,62 || 38.07 | 38.28 38.56 | 38, R ’
30 - 0.03| “0.,02 | 0.00| 0.02| 0.01 0.13 | T0.02| 0.03 30.33 33.31 33:%2 18
9 - 38053 38.70 39002 39.114 39.20 380)45 38056 80 6 S P
| 2 ] - [T0.05] "0.02 | "0.02 "0.02 "0.00 }| "0:05 ,o.oz_’so.334 %002 | 20.02| “d.00 | 19
10 - 38,99 | 39.17 39,40 39,64 . 1 M o 1 1 S S B |
T — - 0.0 | 70,02 | 0.03] 0.01 [33.10 N , R )
11 |38.55] 39.09 | 39.63 [ 40,0k [ 4O.15 | LO.2k - B.46] 39.37 | 40.2l | 40.87| L41.38 |
» 0.04 | “0.05 | 0.0L | 0.03]| 0.02| 0.02 - 30.11 v}g.g; “3.§2<,“3.3§ 9%:2? 2 7
: 12 38,57 | 38.71 | 39.16 39,46 | 397k | 39.92 38¢55 | 39.29 OL | 4074 O3 W1eli7 | oa
0.03 | “0.03| “0.04 | 0.03{ 0.02| 0.02 0.10 | "0.10 33.3% ug'gt .u%.gg‘ “%;3§< a
1 |37.80| 38.20 | 38.59 | 38.82| 38.98 | 39.24 357.66 | 38.37 | 36.96 | 39.85 | u0.33| uo.78 | o |
135 [38.85 [ 39.4k | 39.95 | 40.LT | 4O.9L | - | R O
0.06 | “0.09 | "0.08 | 0.06| 0.03| =~ .
38,70 | 39.41 | 40.06 | - - - 8.89.| 40.89 | 42.2 - - - |
4 W 0.15| 0.0k | 0.09 - - - 30.11+ 0.21| 0.0 - - - 22
15 - |40.24 | 40.94 | L1.68 - - 38.35,| 40.10 y.76 | - - - 2% -
- 0.10| 0.05| 0.08| - - 0.05% 0.17] 0.11| - - - 3
38.35 | 39.01 | 39.70 [140.06 | u0.u3 [ 4087 | 38.08 f39.52 | L35 1 7 = =1 29
\ m 0003 0.10 0002 0002 0005 . 0.0ll. 0018+ 0023 OOOLI' - - ’ -‘:, ) 29

® This was an anomolous experiment. See remarks

in text (p. 2%).

]

°Th° entries on this table ar
’rors of a number of observa
The means &are °C.

°n p, 12.

e the means
tions made
rectal temperature.

ﬁbgether
within each

+mne humidity was low during this hour.

with their standard
hour &8s specified



Table 27. The effect of thermal environment and time of exposure on
the rectal temperature of calf AC/3*
[ D.B.T. Exper Tow humidity conditions . ‘ - - e ;
(Sc.) | Taper = | High humidity conditions Exper-
— no. 1 2 .l 5 6 1 2 §our nop, 5 e |'mos.
16 | 38.27| 38.52 38.56 | 38.54 | 38. 74 38.80 | |
20 : o.00]| 0.02| 0.00| 0.02} 0.00| 0.00
17 | 38.37| 38.23 | 38.29 } 38.L0 28.48 | 38.60
- 0.03| 0.02| 0.02| 0,01} 0.05 0.00
18 38,58 | 38.45 | 38.39 | 38.38 | 38.55 38.62
25 0,02} 0.02] 0.01 | 0.01 ] 0.03 0.02
19 38,50 | 38.40 | 38.42 | 38.30 | 38.40 38.60
— 0.00| 0.03 0.01 0.00 0.01| 0.00
20 38,83 | 38.97 | 38.91 | 38.81 | 38.90 29.15
0003 0001 0003 0.01 0.00 0001 ’ ’
30 21 - 39,16 | 39.05 | 39.08 | 39.22 | 39.40 38,85 | 38.97 | 39.17 | 39.38 | 39.33 39.38
- o.04 | “0.02 | "0.02 | "0.02 | "0.03 § 0.03 | 0.01| 0.0l | 0.03 0.0L | 0.02 23
22 38,75 | 38.94 | 39.12 | 39.13 | 39.07 39.40
— o0.01! 0.00| 0.02 | 0.01{ 0.03} 0.00
35 2l 39,40 | 39.46 | 39.45 |39.43 39.58 | 39.78 | 39.45 | 40.00 40.38 | 40.63 | 40.94 | 41.17 25
— 0.00 | "6.02 | 0.01 | 0.01 | 0.01]| 0,00} 0.05 0.05 | 0.04| 0.03 ] 0.03| 0.02
26 | 39.56 | 40.06 | 40.08 }L0.28 10,36 | 40.60 | 39.L45.[39.89 14063 | u1.85 } - - 28
m 0012 0001 0002 0001 0002 0003 0008 0002 0015 0007 - -
39.24 | 39.56 | 39.75 | 39.83 39.82 | 40.07 | 39.56, | LO.9L 41.86 - - -
L_“ 27 0.06 | 0:02 | 0403 | 0.01 0.01| 0.00 0.08+ O.14 | 0.04 - - - 29
$ The sntries on this table are the means together with their standard errors of a number of

observations made withi

* The humidity was held low during this hour.

n each hour as specirfied on p.12 -

The means Aare

°c. rectal temperature.




Table 28.
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The effect of thermal environment and time of

exposure on the rectal temperaturs of calf HC/1s

Exper- Low humidity conditions . High humidity conditions Exper-
iment Hour no. our 1o, . iment
no. 1 2 3 5 6 1 2 b 5 6 no.

1 - - | 39.89| 39.63| 39.45| - h
- - 0.07]| 0.06| 0.03 -
2 ‘v | 39.23] 39.60 | 39.55| 39.72 | 39.83
- 0.09] 0.,05| 0.05| 0.02{ 0,02
7 - - | 39.22] 39.12 | 39.19 | 39.26
- - 0.01 0.01 0.01 0.02
3 - | 39.70|39.93 | uo.2y | 4o.21 ho.l;’:%
- | 0.04) 0.01| 0.02[ 0.02 0,02
8 - 29.50 | 39.72 | 39.83 | 40.05 | 40.23
- 0.06| 0.01| 0.02]| 0.03| 0.03
- 38.99 | 39.60 | 40.12 | 40.57 | 40.73 | 39.23 |39.50 | 4O+2L | 4O.TO| 41.00 | 41.1 .
b - 0.08| 0.06| 0.09| 0.03|{ o.O04L{ 0.03 | 0.07 | O.O4| 0.08]| 0.03 'uo.og 9
5 - | 39.56| 40.25 | 40.85 | 41.14 | 41.20 || 39.53 |40.76 | 41.50 | - - - 10
- 0.03| 0.07| 0.06| 0.03| 0.03]| 0.17 | 0.10 | 0.07 - - -
6 39085 L|>0025 41.12 M.?O )41.92 - 39076+ L}lo62 - - - - u
0016 0006 0.08 0005 0.20 - 0.18 0.18 - - - -

* The entries on this table are the means together with their standard errors of a number of
obeservations made within each hour as specified on p. 12.

* The humidity wes low for part of this hour.

The means are °C. rectal temperature.




Chapter 5

The Effect of Thermal Environment on the
Skin Temperature of Calves

Introduction

The surface of the skin forms a boundary betwedn

an animal eand its enviromment. Under the surface and

separated from it by the epidermis, lies a region very
richly supplied with blood capillaries; below this

region is the corium approximately 5 mm. thick and re-
latively poorly supplied with capillaries (Yang, 1948).
Still deeper are layers of subcutaneous fat and muscle
of low thermal conductivity; Hardy & Soderstrom (1939)
give values of 0.00049 and 0.00047 cal./cm..sec.°C.

probable that this system forms an efficient means of
control of the amount of heat which may be brought to
the surface for disposal. |

| The outer surface of the skin of the bovine is
almost entirely covered with hair, the length and char-
acter of which varies from breed to breed, and also frqh

season to season for the same animsal. One of the func

skin surface. In cold weather the air trapped and held

stationary by the hair forms a cover of very good insul

ation for the animal. This may be less of an advantag%

1h hot environments where heat loss and not heat conser

vation is the all-importaent factor, although the insul-

pilorum muscles. Another purpose served by the coat

may be to reflect radiation; the heat load imposed by

respectively for dead beef fat and muscle. It is highly

tions of the hair is to provide a 'local climate' for the

ating properties of the coat may be modified by arrectopres
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solar radiation being often in the tropics much greater
than the total heat production of the animal (Riemerscﬁmidt,
1943). Several workers (Rhoad, 1940a; Bonsma & Pre-
torius, 1943; and Riemerschmidt & Elder, 1945) have
measured the absorption of solar radiation by the coatﬁ
of different breeds of cattle. Riemerschmidt & Elder
(whose methods are believed to be the most reliable)
have demonstrated large differences in absorption of
solar radiation ranging from approximately 50% for white
tropical cattle to 90% for black temperate cattle.

The evaporation of water from the surface of a
body results in a large loss of heat from it, due to tn}e
large latent heat of #aporization of water. Several
authors have investigated the evaporative loss from the

skin of cattle, but doubts must exist as to the accuracy

of their findings. The methods used may be divided into
three categories:- (a) detection of sweating by analyshng
skin and hair washings for chlorides (Freeborn, Regan &
Berry, 1934 and Regan & Richardson, 1938); (b) absorption
with calcium chloride of the moisture in a small contaihner
placed over a small portion of the skin (Freeborn, Regan
& Berry, 1934; Regan & Richardson, 1938; Rhoad, 1940b));
(¢c) determinations by classical methods of insensible

weight losses corrected for respiratory and other losse

—o7

(Rieck & Lee, 1948; Kibler & Brody, 1950a). All of

these suthors have reported considerasble skin eveporati
losses which may amount to as much as 60% to 70% of the
total heat production at environmental temperatures gbove
35°c. (Kivler & Brody, 1950a), but none of the normal

s0lid constituents of sweat have been observed on the skin.




Various authors (e.g. Yang, 1948; Findlay &

Yang, 1950) have described glands in the skin of cattl
to which no function can be ascribed but which have te

tatively been named 'sweat glands'. The secreting ar

greater than that of humen sweat glands. The general
consensus of opinion concerning evaporative heat loss
from the skin of cattle is that it is a factor of greai
importance, but that the moisture is derived from waten
diffusing through the skin rather than from actively
secreting sweat glands.

No record can be traced at the time of writing
of any measurements of the effect of thermal environment
on the skin temperature of cattle under controlled
conditions in psychrometrlic chambers. In the field
Bonema (1940) and Quin & Riemerschmidt (1941) have show#
that cattle skin temperatures are higher in the sun than
in the shade. The latter authors have also stated that
an increase of 1°F. (0.56°C.) in air temperature ceused
an increase in skin temperature of 0.28°F. (0,16°C.) in
the sun and 0.31°F. (0.17°C.) in the shade, and that a

rise of 1°F. (0.56°C.) in rectal temperature was assoc-

iated with an increase of 2.01°F. (1.17°C.) in the sun
and 2.60°F. (1.44°C.) in the shade.

of different regions of the skins of four calves have

been measured in standard thermmal environments.

per unit area of skin of these glands is about five t 8

In the present work the temperatures of a numbep
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Methods

Skih temperatures were measured thermoelectric&lly,
the tips of 40 S.W.G. copper constantan thermocouples
being attached to the skin at the base of the hairs by
a small pellet of rubber latex. The wires passed along
the surface of the skin for 5 - 10 cm. before leaving
the vicinity of the animal's coat, so minimising heat
conduction along the wire. The equipment for the mea%ure—
ment of temperature is described in Part II, Chapter 9.
Skin temperatures were measured at eleven places on eagh
calf. Fig. 9 shows the approximate position of each
place onvthe animel and defines the abbreviations used
in describing them. The term 'Mean Trunk Temperature'
as used bglow, is the mean of the eight readings obtaln

ed in each 5 min. period of exposure from the reglions
FFR, HFR, BT, BS, FFL, HFL, BR, UD.

Results

Table 29 shows the variations in the mean trunk
temperature averaged over 30 min. of each of three calves
after 1 hr exposure to an environmental temperature of
20°C. on different days. These temperatures ranged frpm
31.5 to 36.0°C. with mean values of 33,7, 33.7 and 34.6PC.
for the individual calves.

Table 30 gives the average of all measurements
of the mean trunk temperature on each calf at each

standard environmental condition in the short term ex-

periments. These experiments showed that the mean

trunk temperature increased with environmental temperature,

the increase being greater at high humidity than at low
rnmidity.




Teble 31 summarizes all the messurements of
mean trunk temperature made in the long term experiments.

It has been found necessary to include in this table

changed greatly with time. As was found in the short
term experiments, the mean trunk temperatures increased
with environmental temperature and humidity, although ﬁt
the later hours the long term experiments gave higher
skin temperatures than did the short term experiments.
In Tables 32, 33 and 34 are given the hourly
meens of the mean trunk temperature for each replicate
experiment performed in the long term series of experi-
ments. The general behaviour of the mean trunk temper-
ature was fairly similar for all the calves. The mean
trunk temperatures of AC/L and HC/1 rose with time of
exposure at environmental temperatures of 25°C. and

above, but this rise did not start until 30°C. for AC/3

for the rectal temperature, but on a reduced scale.
Fig. 10 shows all the measurements at 5 min.
intervals of the mean trunk temperature of each calf at

an environmental temperature of 30°C. at low humidity.
|Here Experiment no.6 on AC/L again shows anomolous be-
haviour. The replicate experiments were in this insta

even more consistent than for the other physiological

reactions previously discussed, but differences between

individual animals again existed.

| Fig. 11 shows the behaviour of the calves in th
long term experiments at an environmental temperature o

FD’C. at both high and low humidities. The increase

time of exposure as a variable, since the skin temperature

The general tendencies were very similar to those obsernved
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in humidity produced a large incresse in the rate of
rise of mean trunk temperature with time.

The meen temperatures of each skin region of
each calf during the fourth hour of exposure, averaged
over all replicate experiments, are presented in Table
35 At any one environmental condition no region was
at a very different temperature from the others, and
all rose with increasing environmental temperature, and
with increase of humidity at 35°C.

During the course of the experiments frequent
visual examinations of the skin of the calves were mad%.
On no occasion was there any evidence of visible sweating,
either in the form of droplets such as might be seen
under a X20 simple microscope, or as colouration of a

water sensitive dye (quinizarin) dusted on the animals'
skins.

D&scussion

Table 35 shows that the differences which existled
between the skin temperatures of the various regions o
the trunk of the calves were not systematically mainta

ed; that 1is, the temperature of a given region was
probably sbove the average just as often as it was beloh
it. At the lower environmental temperatures there was
a tendency for the temperature of the leg to be below

the mean trunk temperature, but this difference dis-

appeared above 30°C. On the other hand, ear temper-

atures which were not far different from mean trunk temp—
eratures at the lower environmental temperatures were
consistently below them at environmental temperatures

above 30°C. In fact at 40°C. eapr temperatures were




below both rectal and environmental temperatures. This
may have been due either to a lower blood flow per unit
surface area in the ear or to a higher evaporative loss
from the ears than from the rest of the body.

Evidence that there was evaporative loss from
the trunk is available from Figs. 8 and 11. At L4O°C.
environmental temperature at low humidity the mean trunk
temperatures of all the animals were consistently of thb
order of 1°C. below rectal temperature and for three or
more hours were below environmental temperature. This
depression of skin temperature was to a great extent
eliminated at the higher humidity, mean trunk temperature
for the most part lying between rectal and environmental
temperatures. The only reasonsble explanation of this
change 1s that evaporation of water from the skin took
place at the lower humidity and produced cooling of the
skin.

Fig.1l2 gives a series of graphs of the differ-~
ences between mean trunk temperature (taken from Tables
32, 33 and 34) and environmental temperature, plotted
against environmental temperature, for each calf used in
the long term experiments and for various times of ex-
posure. All the animals responded in the same manner,
and the temperature difference fell linearly from 15°C.
to 0°C. as environmental temperature rose from 20°C. to
LO°C. For radiative and convective losses, to a good
degree of approximation over the temperature range en-

countered here, the rate of loss of heat is proportional

to the excess temperature of the body over its environmEnt




(Newton's Law of Cooling). Thus these same curves,

with different ordinate units, are the non-evaporative
heat loss curves, these losses being zero at approxi-
mately LO°C. environmental temperature. This compareF
with a temperaturg of about 34 - 35°C. for zero losses
from clothed or nude humans (Gagge, Winslow & Herringtbn,
1938).

In Fig. 13 are plotted the averages over all
replications of the mean trunk temperatures during the
fourth hour of exposure to the various environmental
temperatures at low humidity. These points 4o not
deviate significantly from straight lines, the average
change in skin temperature being approximately 1°C. fop
each 4°C. change in environmental temperature. For
comparison are included similar curves for the average
skin temperature of nude and clothed humans, taken fro@
the data of Gagge, Winslow & Herrington (1938). The
change in slope above about 32°C. for nude man is due
to sweating; such a change is not obvious in the data
for bovines. The change in slope for clothed man is
rather less than for naked man. It is possible that
the coats of the calves provided greater thermal insulp
ation than the clothes of the man, and therefore no
definite conclusions concerning sweating can be drawn
from these results. The higher overall skin temper-
ature of the calves compared with humans may be explainsdd
partly by the higher insulation of the bovine coat,
and partly by the higher rectal temperatures of the ca

lves,
although other factors almost certainly enter into the

problem. However, considering the animal and its cog




as a whole, evaporative losses from the skin of these

calves were obviously not at all as efficient as sweat

ing in man.

In Fig. 14 are plotted the differences between
rectal and mean trunk temperature for the different
environmental temperatures at low humidity, averaged
over all replications. The deviations from linearity
of the curves for AC/L and AC/3 are both highly signi-
ficant, but no test could be made on that for HC/1
owing to lack of replication. The heat carried from
the interior to the surface of the body is proportional
to the product of temperature difference and thermal
conductivity. If all the heat produced by the animal
were to be lost through its skin, then Fig.ly would
show that the thermal conductivity of AC/3 and AC/L
must have increased by a factor of approximately five
as the environmental temperature changed from 20°C. to
40°C. Since the major portion of that heat would be

carried in the blood stream, cutaneous circulation

would have had to change at least fivefold to carry t
same amount of heat. In view of the great increase 1
respiration rate it is probable that at the higher temp-

eratures much heat was lost from the respiratory tract

Until the partition of the evaporative losses between
respiratory tract and skin has been determined experi-

mentally little more can be said concerning this.




Summnary
1. The temperatures of 1l regions of the skin of
each of four bull calves have been measured at various

environmental temperatures and humidities and for 4Aiff

erent time of exposure. A total of approximately

38,000 measurements of skin temperature were made.

20 A comparison of the results of the short term
and long term experiments revealed that in the former
type of experiment the values of skin temperatures ob-

tained were lower at the higher environmental temperatures.

3. Under standardized conditions at an environmentLl
temperature of 20°C. the mean trunk temperatures of three
calves ranged from 31.5 to 36.8}8?/¥g%n%he individual
calves of 33,7, 33.7 and 34.6°C.

L. The temperatures of all regions of the skin of
all four calves rose approximately linearly with in-
creasing environmental temperature. They also rose with

increase of humidity at 35°C. and 40°C. environmental

temperature.

5e The time of exposure to a given thermal environ#
ment affected the skin temperature of each calf differ

ently, the effect being modified by the environmental

temperature and humidity. Thus the mean trunk temper
ature of calves AC/L and HC/1 rose with time at 25°C.

and above, whilst that of AC/3 was only just beginning
to rise with time at an environmental temperature of 30°C.

6. For no area of skin on the trunk whose temperature

was measured was the temperature consistently above or
below the mean trunk temperature.




7 At envirommental temperatures below 30°C., the
leg temperatures were consistently below the mean trunk

temperature; at and shove 30°C. the ear temperatures

were consistently below the mean trunk temperatures.

8. After exposure for 4 hr. (when the skin temper-
atures were spproximately in equilibrium) the mean trynk

temperatures of each of the three calves used in the

long term experiments increased by approximately 1.0°C

for each 4°C. rise in environmental temperature betwein

20°C. and LO°C. at a constant ahsolute humidity.

9. The loss of heat by radiation and convection from
the skin fell linearly as the environmental temperatuﬁe
increased from 20°C. to 4O°C. At this latter temper-
ature the differences between mean trunk temperature and

environmental temperature were approximately zero so that

these losses were also zero.

10. There appegred to be no upper limit to the skin

temperatures of any of the calves such as is produced
by sweating in man. It is therefore probable that th%
evaporation of water from the skin plays a much less

important part in the heat regulation of calves than

it does in that of man.

11. The use of a water sensitive dye dusted on the

skins of the calves as an inaicator of sweating provid

(42
¥

no positive evidence of copious sweating such as is

encountered in man. Further, visual examination of the

skin with a simple microscope did not reveal any sweat
droplets on the skin.




12. On the other hand, same evidence was obtained
that evaporation of water from the skin did occur.
It is therefore probable that this water passed through

the surface of the skin in the vapour phase.
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Fig. 9.

RIGHT SIDE VIEW

LEFT SIDE VIEW

FFR. . ... ... Front flank rlght

FFL. ..o ... " " lefE

HFR. ....... Hind flank righ\:

HFL. oo e e e s " " Left

BT......... Back thoracic

BS......... « sacral

BR. ... Breast

Ww........ ‘Udder' region

SC..vvt Ll Scrotum %to right or Left of scrotal

r'aphe)

The positions of the various skin
regions at which temperatures were
measured on the calves.
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The effect of time of exposure at an en-
vironmental temperature of 30°C. and low
humidity on the mean trunk temperatures
of two Ayrshire calves and one Highland

calf. Replicate experiments are shown
where these were performed.
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are shown where these were performed.

100



Figo 12.

ENVIPONMENTAL TEMPERATURE °C.

SIIN TEMPERATURE

CALF AC 3

CALF NCl

20 ] 20 ] 40
CNVIRONMENTAL TEMPIMTURE  °C.

The effect of environmental temperature
on the difference between mean trunk
temperature and environmental temperature
for two Ayrshire calves and one Highland
calf. For clarity the points from
different replications are displaced
slightly from their appropriate abscissae.
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40F

°c.

TEMPE RATURE

SKIN

a7y

aeé

HC I
AC4+

AC 3

MAN
cLotheo®

MAN
NUDE®

Fig. 13.

28 30 3s 40
ENVIRONMENTAL TEMPERATURE IN °C.

The effect of environmental temperature

on the mean trunk temperature of two
Ayrshire calves, one Highland calf and Man.
(The curves for Man were taken from Gagge,
Winslow & Herrington, 19389).
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°c.
»

MINUS  SKIN TEMPERATURE

RECTAL TEMPERATURE

X CALF HCI1

20

Fig. 1.

2s 30 3$ 4
ENVIRONMENTAL TEMPERATURE °C

The effect of environmental temperature
on the difference between rectal temper-
ature and mean trunk temperature for two
Ayrshire calves and one Highland calf.
The points refer to the fourth hour of
exposure and are the mean of all replic-
ations for each condition.

103



-104

Table 29. -The mean trunk temperature of three calves

on different days after approximately one
hour's exposure to a thermal environment of

_2200 D.BLZ., 17°Co WQBOTO

Mean trunk temperature on different days (°C.) - | Mean

34.7 34 344 33.6 32.6 33.6 31.5 33.2 33.8 34.5 33.9 33.7 33.h 33.8 337

Tff“f‘fWB 33.1 33.8 33.1 33.0 32.8 32.0 31.9 34L.0 34.0 35.0 33.9 3kl 34l 35.0 36.0 | 33.7

/4 35,3 34.3 34.8 34.5 3.l 348 4ol 3.7 | | ] .6
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Table 30. The effect of short term exposure to
thermal environments from 20 to 40°C.
at low and high humidities on the mean
trunk temperature (°C.) of three Ayrshire calves
Calf {Humid—- No.o Environmental temperature (°C.)
ity | days
20 25 30 35 Lo
/2 LO' 3308 : 007 3)4.7 I O.h 3601 : 003 3705 I 00'4 3901 : o.h
AC
/3 Low 6 32.7 ;"'_ 0.2 34.0 : 0e5 | 353 + 0.3 3607 + 0.3 380& + 0.5
AC - - -
High | 5 |34l * 0.6] 35.1 + 0.4 | 36.6+ 0.4 |38.3+ 0.7 41.4 + 0.1
Ac/u Low 3“»0,4: O.4 352 : 0.6 36.5 : 0.6 37.7: 0.2 39.0: 0.2 |

The entries in this table are the means and standard
deviations of the mean trunk t

of days (n), during the time the calf was at the en-

emperature over a number

vironmental temperature given at the head of the colum.
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Teble 31. The mean trunk temperature (in °C.) of calves
AC/lh, AC/3 and HC/1l for different thermal en-
vironments and times of exposure
Calf | D.B.T.| Humidity Hour no.
(°c.) 1 2 3 4 5 6
20 Low 34.8 | 34.9 35.0 34.9 3.9 34.9
25 LOW' 353 | 35.7 35.9 36.1 36.3 36.5
30 Low' |37.2 | 37.4 | 37.7 | 37.8 | 37.9 | 38.0
AC/l High 37«1 | 37.3 37.5 37.6 377 37.8
High 375 38.1 38.8 39.4 39.8 40.1
L0 Low 38.4 | 39.0 39.3 40.0 | 40.0 4o.2
High 380)4* LI-0.0 ’41-’4 - - -
20 Low 3)4.07 3’4.6 3’4.7 3’408 35.0 35.1
25 Low 3600 36.0 359 3508 35.9 3601
20 Low 37.0 37.0 37.0 37.1 37.2 37.2
AC/3 High 37.1 | 37.3 375 37.6 377 37.8
25 Low 38.1 | 38.1 38.2 38,2 38.3 38.4
High 38.4 | 38.9 39.1 39.3 39.6 39.8
40 Low 38.7 | 39.0 | 39.2 39¢3 3943 39.4
High 38'9. 3906‘ LLO.G Ll-loh - -
20 LO' - 3502 35.2 3501 3502 3508
25 Low - 3606 3609 3700 3701 3702
LO' - 3603 36.9 3703 3707 3800
HO/1| 30 High |37.5 | 37.8 | 38.3 | 38.56 | 38.8 | 39.0
Lo‘ - 37.7 3803 3806 3809 3901
35 High | 38.7 | 39.5 | 40.2 | L0.6 M [
Low 38.8 | 39.3 39.9 LO.L L40.7 -
4o High - | 40.3 z N : -

different length of time for each.

+ Excluding Experiment No.6.

The humidity was low during the early part of esach period of
exposure under these environmental conditions and for a
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Table 32. The effect of thermal environment and time
of exposure on the mean trunk temperature
of Calf AC/L*
D.B.T|Exper Low humidity conditions High humidity conditions :fzggzﬂ
°C. . H . me ‘
(°c.) igg?t 1 0 Hourhpo 6 1 3our Ep 5 g Pmer
1 = |35:3|35.6]35.6 [35.5
20 3 35¢0135.0(35.0 |34+9 |35.0
2 3L4.6[34e3|34e3|34.5 [3U.3
L - 135.8]|35.9(35.9 |36.1
25 5 | 35+2|35.9|36.1|36.2 36.4
16 - 3501 3503 3508 3602
17 - 3508 3601 360‘4 36.5
61 36.0 360’4 3608 37-1 3702
20 8 3741)37:3|37.7 |37.9 |37.9 37.4]37.6|37.8|37.8|38.0| 18
9 37.2|37.4137.637.8 |37.9 37.2|37.4|37.5|37.6|37.7| 19
10 - |37.5{37.7|37.8 |[38.0
11 37.7138.2[38+5|38.9 |39.1 37.7|38.6|39.4{40.0j LO. 44| 20
35 12 37.3|37.5|37.9]38.3 |38.5 38.5|3942|39.7({39.8{40.1| 21
31 37.0137:3|37.6|37.9 38,0 38.0|38.6(39.2|39.8{40.2| 32
13 | 38.3|38.7[39.3|39.8 0.1 yo.6{.7| - | - | - | 22
40 1 38.4|38+9|39.6| - - 40.0|41.5| - - - 23
15 39.1139.6/40.2140.8]| - 39.4{41.1] - - - 29
_ 30 137.8/38.6139.2139.4139.8

* The entries in this table are the mean skin temperatures calculated
from a number of observations made within each hour for each of eight

locations on the trunk as specified on p.8§9 .

ment are °C.

X This was an anomolous experiment;

The units of measure-

see remarks in the text (p. 25 ).

* The humidity was held low during this hour.



Table 33.

time of exposure on the mean trunk

temperature of calf AC/3*
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The effect of thermal environment and

D.B T {Exper- Low humidity conditions High humidity conditions |Expes
(°C.)|iment Hour BRo. Hour no. iment
no. 1 2 3 5 6 1 2 3 6 | no.
20 16 {344 |34.3{34.3|34.5|34.7|3L.9
17 |35.0{34.8|35.0{35.1]35.2{35.2
i 18 |36.0{36.1]35.8|35.7!35.9(36.1
2
19 |36.1|36.0/35.9!35.8!26.0(36.1
20 |37.0|37.0|37.0|37.0|37.0|37.1
22 |37.0|37.1|37.1|37.2|37.2|37.3
35 | 24 |38.1]38.1138.1]38.2|38.2|38.438.4|38.9(39.1|39.3|329.6|39.8 | 25
" 26 |39.0039.2]39.2|39.4|39.4|39.628. 9" 39. T uo. 2|14 - | - | 28
27 |38.5|38.8(39.1|39.1(39.1|39.339.d"Muo0.1 jy1.1| - | - | - |29

* The entries in this table are the mean skin temperatures calculated
from a nunmber of observations made within each hour (see pe12 ),

for each of eight locations on the trunk as specified on DP.

The means are skin temperatures in °C.

* The humidity was held low during this hour.

89 .




Table 34. The effect of thermal environment and

e ALt e S S B

time of exposure on the mean trunk

temperature of calf HC/1*
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D.B.T. |Exper- Low humidity conditions High humidity conditions TE:Q—
(°c.) |imemt Hour no. Hour no. im
no. |1 12 (3 |4 |5 (6 1 |2 |3 |4 |5 |6

1l - - 135.0|34.6}34.4 -
20 2 - |35.2|35.4|35.7|35.9|36.1

7t -] - |35.1]35.1]|35.2|35.5
o5 3 - 136.5136.937.1{37.1|37.2

8 - 126.,6!36.8]36.9{37.1137.2
30 L - |36.3|36.9|37.3|37.6{37.8}37.5|37.8|38.2| 38.6|38.8]39.0 9
25 5 - |37.7 38.3|38.6{38.9|39.1}38.7]39.5|40.2| 40.6| - - 10
40 6 |38.7!39.3|39.9|40.L]U0.T7| -~ - |40.9| =~ - - - 11

¢ The entries in this table are the mean skin temperatures
calculated from a mmiber of observations made within each
hour (see p. 12 ) for each of eight locations on the trunk

The meeans are skin temperatures in °C.

as specified on p.89.

* UD not included in the means for this experiment.
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Table 35. The mean temperatures of various regions
of the skine of calves AC/L, AC/3 and HC/1
. during the fourth hour of exposure to
different thermal environments \
(For the meanings of the initials FFR, HFR, etc. see Fig.9)
Cal (°C.j Hmﬁdd Temperature of region in °C.

T 1% I'ter |m¥R | BT | BS |FFL |8FL | BR | UD | RE | IE |1EG | Sc
20 Low 3501 3)407 3,4.5 3‘408 3508 3505 3‘408 3’-‘-06 3“»'8 35‘2 33‘6 32°3
25 | Low 36.2|35.9!35.8] 36.4]|36.1|36.4|35.6]36.2{35.4135.7{35.2|3U.3
Low' | 38.2|37.9(37.9|38.0|37.8|37.6|37.3|37.7|36.9{36.6|37.4|36.1
AC/l 30 | nign | 37.2|37.5|38.1|37.7|37.6|37.7|37.7| 37.8 |36.8|36.9|37.3|35.0
Low 38.8!38.4]38.4] 38.6|38.3{38.1137.6|38.5 |37.4{37.3|38.6]36.9
35 1migh | 39.4]39.3|39.4|39.6|39.1]39.3|39.1|39.9 |38.7|38.1|39.5[37.4
4O {Low | 404|403 {402\ 40.4]|39.6]|40.0|39.6|39.939.0|39.0|LO.4|39.4
20 |Low | 35.1|35.2|35.5|35.4|34.5(35.6{31.8|35.4 [35.3|3u.8|3u.3|29.6
25 | Low 3645]36.0]|36.L4] 36.3136.2|35.7|33.7]|35.635.835.5|{3L4.9|32.8
Low | 37e7{37¢3|37+0[37+5|37:0|36:9{36¢3|37.1{36.9|36.8|36.5|34.5
ac/3| P |migh | 37.9|37.6|37.4}37.9{37.8|37.7|37.2|37.3|36.9|37.9|37.6]|35.0
Low 38.7138.14137.9|38.438.2|38.1|37.6|38.2|37.5|37.L4|37.6|36.1
35 High | 39.5|39.3|39.2|39.6|38.5]39.7|39.0|39.4 |38.5|38.2|39.3|37.7
4O |Low 39¢6|39+7|39.8|39.5{38.4[39.2|39.1|38.938.1|38.1{39.4|38.4
20 |Low 35e3|35¢3135¢31 3571357347 |34.9(32.3|35.0|35.5]|32.9|32.5
25 |Low 37¢5|37.6|36.6|37.4|37.8|37.3]|36.5|36.1 |36.4|35.8]|35.5|36.1
o |2O" | 38+7|38-2|35+7)37.38.0|38.3)57.4)35.0 36.8|36.6|57.6|35.0
| BC/1 High |38.5|38.4|38.4|39.0|38.8|38.5(39.2(|37.8|37.9|37.8]|38.3|35.5
55 Low 39.0139.6|38.6]38.2]38.7|39.8|38.0|37.2|36.6|37.5|37.7|37.2
High |L40.9[L4L0.0140.8{39.841.2{41e5]39.7|U1.3{41.1{40.5]39.7] -
4o |Low | 41.1|40.940.5|L0.7|39.5]40.5 |40.2{39.8 |38.7|38.8|41.1{40.1

* T is Environmental temperature.

+Excluding Experiment No.6.




Chapter 6

The Effect of Thermal Environment on the Surface
Temperature of the Scrotum of Calves

Introduction

It is well known that spermatogenesis is ad-
versely affected by high testicular temperatures (e.g.
Phillips & McKenzie, 1934) and that under normal en-

vironmental temperatures the scrotum acts as a thermo-

I

stat which attempts to maintein a fairly constant ther
mal environmént for the testicles. Riemerschmidt &
Quin (1941) have studied the effect of air temperature
on the scrotal temperature of a bull in the field in

the tropics and found the scrotal surface temperature

to lncrease from spproximately 32°C. at air temperaturgs

of 20°C. to approximately 36°C. at air temperatures oOf

poec. The bull was in direct sunlight during part ofj .

their experiments, but its scrotum was in shadow.

In the present series of experiments the temper

T

ature of the scrotum of each calf was measured at a

point adjacent to one of the testicles.

Method

A 40 S.W.G. copper constantan thermocouple,
(part of the temperature measuring system described in
Part II, Chapter 9) was attached to the surface of the
scrotun to the right or left of the scrotal raphe, by
a small pellet of rubber latex, the thermocouple wire
running along the surface of the secrotum for some dis-
tance to minimize thermal conduction along the wire.

Readings were taken of the scrotal temperature at five

111



minute intervals throughout a calf's exposure to the

standard environments.
Results
Table 36 glves the means of the measurements of

the temperature of the surface of the scrotum during a

30 min. period near the start of each of the short term

experiments, when the environmental temperature was 20%C.,

and for a corresponding period in the 20°C. long term
experiments. The range of the measurements for the
different days was 28.0 to 33.5°C. with means of 29.9
and 32.2°C. respectivély for each calf.

Table 37 summarizes all the measurements of
scrotal temperature made in the short term experimentsp
Scrotal temperature rose with environmental temperatur;
and rose more rapidly under high humidity conditions
than under low humidity conditions.

Teables 38, 39 and 40 give the hourly means of
the scrotal temperatures of the three calves used in
the long term experiments, each experiment performed
being included. These tables shoi that scrotal temp-
eratures were increased by increases in environmental
temperature, and by an increase in humidity at 35 and
Jo°C. At the higher environmental temperatures and
hunidity scrotal temperatures rose during the period

of exposure, but the environmental temperature at which

scrotal temperature rose consistently with time varied
from animal to animal. Thus for HG/1 this temperature
was 25°C; for AC/L the scrotal temperature rose with

time at 30°C. but stayed at an approximately constant,

though elevated level for the latter half of the period,
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and showed a consistent rise only at and above the
lower humidity at 35°C; whereas for AC/3 the steady
rise was apparent only at 35°C. at high humidity and
at LO°C.

The various types of behaviour at an environ-
mental temperature of 30°C. at low humidity are shown
in detail in Fig.l5, in which are plotted all the
measurements of scrotal temperature taken at 5 min.
intervals under this condition in the long term exper-
iments. The behaviour of the scrotal temperature of
AC/L in experiment no.6 (in which the animal was
physiologically upset) was far less different from the
corresponding replicate experiments on this calf than
were the physiological reactions discussed in the ear-

lier chapters. The curious behaviour of AC/3, in

which the scrotal temperature fell to a minimum and sup-

sequently rose, also occurred at the higher humidity
at 30°C. and at 35°C. at low humidity. A possible
explanation of this behaviour may lie in the extension
of the scrotum of this animal, which was observed to
change to & greater degree than that of the other ani-
mals with both time of exposure and environmental tenmp

erature.

The effect of an increase in humidity at an en-

vironmental temperature of 40°C. is best seen in Fig.lb.

Here scrotal temperatures taken at 5 min. intervals ar#

plotted against time of exposure for each humidity and

each replicate experiment. The effect of raising hum

idity in causing an increased rate of rise of scrotal

temperature was large and almost immediate. At the

|
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end of the period of exposure under this high humidity
the scrotal temperatures of both calves, although
slightly above envirommental temperature and rising
were still considerably below rectal temperature.

From Table 35 it may be seen that the scrotum was almost

always at a lower temperature than any other region of

the skin.

Summary
1. The temperatures of the surfaces of the scrotuns
of three bull calves have been measured under various
controlled environmental temperatures and humidities,
and for different times of exposure, involving a total

of approximately 3000 measurements of scrotal temperature.

2 The results obtained in the short term experi-
mente were generally lower and less consistent than

those obtained in the long term experiments.

3e Under standardized conditions at an environmental
temperature of 20°C. the scrotal temperatures of two

calves ranged from 28.0 to 33.5°C. with means of 29.9°C.
and 32.2°C. respectively.

L. The scrotal temperatures of the three calves rase

with environmental temperature, and with humidity at
35°C. and LO°C.

5. The effect of time of exposure on the scrotal
temperature was different for each calf, and was modi-
fied by the environmental temperature and humidity.

Thus one calf (HC/1l) showed a rise with time at 25°C.;
for another (AC/L) the rise occurred only at 30°C. an%




above; whilst the scrotal temperature of AC/3 fell

during the first half of the day even at 35°C. at low
humidity, and only rose consistently at the higher
humidity at 35°C. and at both humidities at L4O°C.

6o Throughout the experiments the temperature of
the scrotum was lower than the rectal temperature and

that of almost all the other regions of the skin.

115



Figo 159
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Table 36. The surface temperature of the

scrotums of two calves on different
days after approximately omne hour's
exposure to a thermal énwvironment
of 20°C D.B.T. and 17°C. W.B.T. .

Calf

Mean surface temperature of scrotum (°C.) Mean

AC/3 |29.9 28.0 30.0 30.4 28.8 32.2 30.0 31.2 28.4 30.0| 29.9

AC/L4 |32.6 32.5 31.8 33.2 31.1 31.0 33.5 32.1

32.2
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Table 37. The effect of short term exposures to
thermal environment from 20 to 40°C. on
the mean surface temperature of the
scrotum (°C.) of two Ayrshire calves
calf [Fumid-|No.o Environmental temperature (°C.)
ity |days 20 25 30 25 ug
AC/3| High | 5 30.6 * 1.1 |32.6 * 0.8 |34.3 + 0.3 |36.3 *+ 0.7 [40.5 + 1.4
/u Low 2 3106 : 0.2 3208 : 0.1 3)-]-.1 + O.h 3606 + 0.3 3707 + 0.1
AC - —— -——
High | 2 32.8 + 1.0 33¢5 + O.l4 |34.2 + O.4 37.6: o.4 39+5 + 0.0

The entries in this table are the means and the
standard deviations of the scrotal temperature
over a number of days (n) during the time the
calf was at the environmental temperature given

at the head of the columne=
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Table 38. The effect of thermel environment and

AR L L A A SR AR Lt B = e

time of exposure on the scrotal temperature

of calf AC/Le
D.B.T.| Exper- Low humidity conditions High humidity conditions kbqeﬂ-
(°G) | iment Hour no. Hour no. men
no. 1 2 > L 5 6 1 2 3 b 5 6 |no.
1l - |33.6{33.4]33.5133.2]33.2

20 3 31.5]|31el4{31.1{31.0|31.2]|31.1
2 33¢1|33.0]3243132¢51323132.7

5 | 34.8|35.135.2|35.3]35.3|35.4
25 | 16 | = |34.2{34.1|34.3|34.33u.k
17 | - |33.5|33.4]33.3}33.3|33.5

6x | 35.1]35.5|36.0}36.3|36.3|36.4]35.0|34.9]35.1}35.0{35.1|35.1| 18
30 8 | 35.0|35.4|26.6{36.8|36.8]|36.8]34.6|34.9|34.9|34.9|35.0!35.2] 19

11 35:9{36.5|37.0{37¢2|37.6|379}36+2|36+7|37.0{37.2|37+5|37.5] 20
35 12 36.1[36.6|36.8(37.1|37.3|37.6]36.5(36.8|37.1|37.4{37.4}{37.7] 21
31 350636013643 {36.14136.5]3646136.3|3669|37¢3{37.7|38.1138.3} 32

13 | 37.3|38.0|38.5(39.2{39.6| - [37.739.7|u0.7| - | -| - | 22
yo | w | 37.3|38.038.9| - | - | - [36.839.0{00.1] -| -] - |23
15 | 38.1[38.8|39.3|39.9] - | =~ |38.8|39.3{u0.1| - | -] - |29

30 | 37.3|38.3|38.6|39.0(39.3]39.7

The entries in this table are the mean temperatures in °C. of

the scrotum, ;calculated from & number of observations on the
scrotun mede within each hour.

X This was an anomolous experiment. For explanation see text (p. 25 )e

The humidity was held low during this hour.
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Table 39. The effect of thermal environment and

time of exposure on the scrotal temp-
erature of calf AC/3*

D.B. T.| Exper- Low hunidity conditions T High humidity conditions E‘:p
(°C.)}iment Hour .no. Hour no. ent
no. 1 2 3 L 5 6 1 2 3 L 5 6 |no-
20 16 28.2|28.6{28.3129.1129.0{28.8
17 30.4]130.4]30.4130.2|30.6]30.7
25 18 32.3132.4]32.8(32.7133.2
19 32.7132.9{32.8|32.8]32.9
20 3e7|34e6|34.6|34.7{34.9
30 21 - |34k|3Ue2|34.0|3L.4 34e8 |3U4e6]35.0(35.2|35.5]| 23
22 35.1134.9|34.6|34.5|34.6
35 24 36.2|36.1|36.1(36.1]36.3 37.2{37.5|37.7|38.0|38.2| 25
26 | 37.9|38.5|38.6|38.7|38.8 37.939. {40y - | - | 28
4 1 27 | 37.0|37.4]37.8|38.0|37.5 39.0u0.1] -1 - -] 29
A

+

The entries in this table are the mean temperatures in
°C. of the scrotum, calculated from a number of obser-
vations on the scrotum made within each hour.

The humidity was held low during this hour.
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Table LO. The effect of thermal environment and

time of exposure on the scrotal temper-
ature of calf HC/1*

LD,B,T, Expe| LOW humidity conditions

High humidity conditionsﬁ_gqu,b

°C.) [iment Hour no. Hour no. iment
noe. 1 2 3 L 5 1 2 3 L 5 6 | no.

20 1 - = 131313071299

2 ~ |33.6|34.3|34.3]|34.5

25 3 - 135.9 3602 3601 36.6
30 L 35¢2|35.5|36.0| = |36.5 36.8314.7 35.0]35.6|35.5]|35.6]35.5 9
35 | 5 | 35.3|36.4|36.9|37.2|37.6|37.8]36.8|37.7|38.] -| - | - | 10

Lo 6 37.5|38.4139.5 {40140 44 Not recorded

® The entries in this table are the mean temperatures
of the scrotum in °C. calculated from a number of
observations on the scrotum made within each hour.




Chapter 7

General Discussion and Conclusions

The preceding chapters have shown the great effect that

thermal environment has on various physiological re-
actions of calves. It is now proposed to discuss the
implications of these findings in their effect on the

animal as an integrated organism.

It is to be expected that there exists an envin-

onmental temperature below which it is the animal's

concern to conserve heat, and above which the animal nmust

actively eliminate heat. There are probably only two

ways in which the animal may conserve heat at lower en-

vironmental temperatures; by increasing the thermal

insulation of its coat, or by decreasing the amount of
heat carried to the surface by its bloodstream. The
former reaction would tend to increase its skin tempen-
ature, and the latter to decrease it. For man this
critical point is near 24°C. As the environmental

temperature decreases below this, considerable vaso-

constriction ocecurs first in the lower extremities, aAd

then at a rather lower temperature, in the hands and

arms. The reaction results in a large fall in the skin

temperature of the affected regions.

Some isolated experiments have been performed
on the calf AC/3, in which the environmental temperatuy
initially at 12°C., was allowed to rise slowly. Fig.
17 shows the resulis of a typical experiment in which
the enimal's ear temperature was originally approxi-
mately 18°C. and changing in an undulatory manner, but]

'S,
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at an environmental temperature of 18°C. it suddenly
jumped to 35°C. It is possible to calculate an
approximate value for the relative increase in blood

flow which would cause this change.

The conditions before and after the change wersg
(see Pig.17) :~

°C.,
Before ]| After
Environmental temperature 18 20
Right ear temperature 22 35
Rectal temperature 38 38

Ear minus environmental T. a) 4 15
Rectal minus ear temperature| (b) 16 3
Ratio b/a L | 1/5

The ratios b/a are the ratios of the thermal
conductances from body to ear and from ear to environ-
ment. Since the latter conductance must remain con-
stant, the former changed by a factor of 20. Such a
change 1is equivalent to an increase in blood flow to
the ear by a factor of approximately 20 and indicates
that the calf's ear4may perform the same thermoregulati~
ory functions as the extremities of man. No similar
change has been noted in the present work at any othen
region of the skin at environmental temperatures in
the range 20 to LO°C.

If the effective thermal conductance on either
side of the skin surface, with respect to the deep coﬂe
of the body and to the environment be K, and K2 respec
tively, and the evaporative loss from the skin remains
constant, then the heat flow per unit area (H) to and
from the skin is given by :
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H = K, (TR - Tg) = K, (Ts - TE)
or

K__]_.__TS-TE =

K, T -Tg

where $R is the rectal temperature
TS is the skin temperature

TE is the environmental temperature

This equation was first used by Burton (1934) who

r the Thermal Circulation Index. This index has been
calculated from the results obtained in the long term
experiments on calves AC/3, AC/4 and HC/1 and its houn-

ly average values for all of these experiments are given

in Tables 41, 42 and 43. The value for Tp has been
taken as the mean of the air temperature and the aver-
age wall temperature, and for T

erature. It is evident that there was no significant

effect of temperature on the value of r at environmental

temperatures below 30°C., but that above this temperature

r decreased. This decrease may have been due a de-

crease in the cutaneous blood flow, an increase in ev-
aporation of water from the skin, or a reduction in th%
insulation of the coat. It is unlikely that a fall in
the cutaneous blood flow occurred at the higher envipr-
onmental temperatures, since this would decrease the

flow of heat to the skin; further, it is unlikely

that the insulation of the coat could fall to the ex-
tent indicated by the values of r in the tables. Thuf
it is probable that the greater part of the change in

the value of r above 30°C. was due to increased evap-

g @8 the mean trunk temp-
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oration from the skin. This view is supported by the
negative values at 40°C., which can only have been
caused by evaporation; and also by the higher values
of r at the higher humidities, where evaporation was
partly or wholly suppressed.

It is probable that evaporation of water from

the skin cannot be a fully-effective heat loss mechanism

since no 'running sweat' was observed at any time. It

is, however, possible but unlikely that the physiologiical

system controlling the output of sweat might be so
efficient that no more than the exact amount of sweat
required was secreted; if this were so the sweating
mechanism in the bovine would be very different from
that in humans. It is very probeble, then, that the
respiratory passages take over a large part of this
function in the bovine. The large increase in resp-
iration rate at high environmental temperatures indic-
ates increased heat losses via this channel, but until
experiments are performed in which both skin and resp-

iratory moisture are accurately determined by direct

methods, some doubt must remain concerning their relatfive

importance.

An attempt has been made in the present wopk to
find possible correlations between respiration rate an
rectal temperature, rate of change of rectal temperaty
skin temperature, temperature gradient through the ski
and the thermal circulation index, but these reactions
are all so closely linked with environmental temperatu
that it is impossible to draw any significant conclusi

It is probable, however, that respiration rate is not

re,
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governed directly by rectal temperature since a corre-

lation diagram showed very wide variations in respira-

tion rate at approximately constant rectal temperatures,

and also approximately equal respiration rates over a
wide range of rectal temperatures.

The effect of time of exposure on the responses
of the animals has been clearly demonstrated in tﬁe
preceding chapters. In these experiments it has not
been possible to separate the effects of time of ex-
posure to the thermal environment from other effects

of time, e.g. normal diurnal variations in the animal,

or time after feeding. Since conditions were standarg-

ized for all the animals, and each showed marked indiv

iduality in its responses to the interaction of time and

temperature it is highly probable that a large part of
these changes was caused by the duration of exposure
rather than by other time factors. It i1s also clear
that the differences between the results obtained in

the long term and the short term experiments respectively

were due to the relative times of exposure to a given
environment, and that the 'present' condition of an

animal is to a large extent due to its past experience

If an animal is to live in any psrticular en-
vironment it must at some time reach a condition of
equilibrium in it. In the present experiments some
reactions have been shown to reach equilibrium more
rapidly than others, or to show changes of different
types. Thus the skin temperature initially changed
rapidly and grossly in response to the environment,

but this was followed by a more subtle change influenced
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in part at least by the slower response of the rectal
temperature to environmental changes. Even in the ldng
term experiments, at the higher temperatures, the animal
hed not completely reached equilibrium with its envir-
onment after six hours of exposure. On the other haﬁd,
animals in experiments in which they were continuously
exposed to the same environment for periods of two or
three weeks, as those in the experiments of Brody gg_él.
(e.g. Kibler & Brody, 1949) must have reached some

degree of equilibrium. Those animals were reported

to have shown signs of acclimatization to their envir-

onment in the sense that a comparable group of animalﬂ
suddenly exposed to the higher stresses showed exagger-
ated physiological responses compared with those kept
in it for the whole experimental period. Further,
another form of adaptation was almost certainly present
in Brody's animals; their food cohsumption was volun-
tarily reduced at the higher environmental temperaturek,
and with it their heat production. The present experr-
iments emphasize that in planning environmental studief
on eanimals the full effect of time must be investigated
or allowed for, particularly in field work where on
many occasions thermal conditions may well aepproximate
to the present short term experiments.
In the preceding chapters it has been consistenit-
ly shown that it is possible to place the animsls in
the order HC/1l, AC/L and AC/3 in increasing order of
heat tolerance, on 2 number of different scales. The

breed difference of HC/1 is an obvious and expected
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explanation for its low tolerance, since the Highland

breed has a thick coat and is normally found in the

more exposed parts of Britain. A possible explanatign

of the superiority of AC/3 is that it was the subject
of a large number of short term experiments which in

this instance preceded the long term experiments, and

hence the animal may have become acclimatized to thermal

stress at an early period.

It is difficult to define at this stage exactly
what is the meaning of 'heat tolerance'. In bpoad
terms it must be a reference to the overall economic
efficiency of an animal in a particular thermal envir-
onment which imposes some stress on the animal.
Practically, this may be measured by the total milk
production, or fertility or growth rate of the animal;

or by cost per unit of product, depending on the sphere
of usefulness of the animal. To what extent these

properties are reflected in the various physiological
reactions to heat stress is at present unknown. The
associations between production efficiency and the

physiological reactions have to some extent been in-
vestigated, but the causal relationships are of a very
complex nature. Thue the Iberia Heat Tolerance Test
of Rhoad (1944) uses the difference in rectal temper-
ature from a nominal value of 101°F. (38.3°C.) when

subjected to & more or less standardized thermal en-

vironment in the field. This has proved a most useful

index of heat tolerance for beef cattle, but no papers

have been published on the correlation between heat

tolerance coefficlents and milk production. In view
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of the increase in rectal temperature normally assoc-
jated with the heat increment of lactation (Blaxter
& Price, 1945) it is quite possible that a high milk
yield would be associated with a low Iberia Heat
Tolerance coefficient. Possibly a more realistic he%t
tolerance coefficient would be based on the rate of
rise of rectal temperature when the animal is moved
from one standardized thermal environment to another.
It has been shown earlier in this chapter that
the respiration rates of the calves were probably not
primarily determined by their rectal temperatures.
An independent heat tolerance coefficient based on
respiration rate is thus possible. The question

arises whether an animal with a high respiration rate,

and therefore presumably losing more heat by respiratary

evaporation, is more heat tolerant than one with a
lower rate which may be receiving a smaller stinmulus
due to heat stress. The answer to this is as yet un-
known, although the indications of the present experi-
ments are that the animal with the lower respiration
rate is the more heat tolerant.
The hegrt rate is useful as an index of heat

tolerance in the lengthy leboratory experiments des-
cribed here, where the interactions of time and temp-

erature can be closely watched. Heart rate is so

dependent on other factors, however, and varies to sucF

an extent during the day that no simple procedure can

be used to determine a heat tolerance coefficient basefl

on heart rate; also, state of lactation and milk yielfd

themselves imposing an unknown and variable stress on
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the heart could possibly lead to erroneous values or
interpretations of such a coefficient.

Skin temperature does not hold much promise of
use as the sole basis of a heat tolerance coefficient
since it depends so much on various other factors. Ifi
these factors could be separated into their various
components such a coefficient might be of value, but
until more laboratory research has been carried out on
these components, and blood flow, evaporation of waten
from the skin, and permeability of the coat to water
vapour have been investigated, little more can be said.

In conclusion, it is fitting to compare the
thermal reactions of the bovine with those of man, on

which subject the knowledge of thermoregulation is

greatest. Firstly, one of man's chief heat regulati
mechanisms is the ability to put on or discard clothiqz

in order to change his local environment; this type of

control is not possible for the bovine although over

long periods it can modify its growth of hair. Secondly,

the mode of life of man is such that his normal metab-
olism is comparatively low, but is subject to sudden
very large increases during exercise. The bovine is
not normally subjected to these large intermittent
internal stresses but the milking cow has a heat pro-
duction (associated with the extra metabolism of lact-
ation) more than twice basal (Brody, 1945), which im-
poses a heavy and continuous stress upon it. Thirdly
overproduction of sweat which is so apparent in man,
has not been observed in the bovine, nor have the skin

temperature responses which accompany sweating in man.
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The rectal temperature of the bovine appears to

fluctuate more than that of man as measured for example

by Gagge, Winslow & Herrington (1938); and its resp-

iration rate varies over far wider limits, nmmuch greatgr

than could be accounted for by any increase in oxygen
demand created by an increase in heat production.

Thus thermoregulation in the bovine is different in

a number of respects from that in man, the most important

probably being the relative uses they make of the

evaporation of water as a means of losing excess heats

Summary
1. The existence of a vasomotor response to envir4

onmental temperature in the ear of a calf has been

demonstrated. As the environmental temperature rose
gbove 18°C. the ear temperature jumped from approxi-
mately 20 to 35°C. It is believed that this was due

to a 20-fold increase in blood flow in the ear.

2. The thermal circulation index for the skin of
the trunks of three calves has been determined. This
index was approximately constant below 30°C., but above

30°C. it fell with increasing environmental temperature
to negative values at L0O°C.

3. From & comparison of the results obtained for
rectal temperature and respiration rate in the long
term experiments it appeared that the rectal tempe r-
ature was not the dominant stimulus causing changes in

the respiration rate.

L. The use of the physiological reactions here

studied as a basis for a heat tolerance test has been
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discussed. At present only rectal temperature or

respiration rate might form such s basis.

5e The thermoregulation of the bovine has been

compared with that of man and a number of important

differences emphasised.
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Fig. 17. The effect of environmental temperature ,
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(AC/3), demonstrating the onset of vaso-
dilatation in the ear.
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Teble 41. The effect of thermal environment and time

of exposure on the value of the thermal
circulation index, r, for calf AC/u*

D.B.T.| Exper- Low humidity conditions High humidity conditions Expery
(°C. )| iment Hour no. “Hour no. iment
mo. | 1|l 2| 24 uy 5l 6llalol 31 uf 51 6] 0%

1 - Be2| 50| 51| Le9 | 49

20 ‘ 3 - ho9 h-9 h.7 h.9 501

1 ou | Yokl L1 Ler) 4.3]| 4.0} 3.9

'4 - 309 h-3 )401-& Lh? )406

25 5| 3.7| 48] 5.1]| 5.0| 5.2 | 5.4

16 - | belt] 4e7] 5.0] 5.61| 6.1

17 - 503 506 600 60’4 601
61 301 306 u.2 uoh u.} h.2

30 8 - | 45 53| 5.2] 5.3 5.2} - | 8.0]| 8.1| 6.9} 6.8} 6.L4| 18
9 - 602 608 6‘1 6.1 6.6 5.2 502 501 502 h'g 5'0 19

10 - 500 501 LL.B LI-QB u.?
11 | 3.2] 33| 3.1 33| 4.0 4Ol - | 2.8] 38| Le3| U8B 5.2 | 20

25 12 | 2e1] 23] 2e4) 3el| 269 el || Le3 | Lhe3] 55| L4e6] 37| 37| 21
) 31 | 266] 30| 31| 3.5 3ol | 3e2| Lol | 62| 79| Seli| 7ok]| 8.6 | 32

13 |-1.2|-0.2]-0.1| 0.2| 0.2 - ||9.8%0.6| 2.3] - | - | - | 22
1u -O.h -001 -002 - - - ﬂ ﬁ 209 - - - 23
W1 15| -l-06l0.1]0.3] = -1 61| 4628 -] -] -1 29

30 "506 -207 -106 "0.7 -003 001

# Values of r have been calculated from the mean values for TS and TR

as given in Tables 26 and 32, whilst values for TE were obtained as

detailed on p.125. For an explanation of the meaning of r see p.1l25.

x This was an anomolous experiment; see p.25 .

* The humiidity was held low during this hour.
$ Indeterminate.




Table 42.

The effect

of thermal environment and

time of exposure on the value of the

thermal circulation index, r, for calf AC/ 3%
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D.B.T.| Exper- Low humidity conditions | High humidity conditions |Exper
(°C. )| ment Hour no. Hour no. iment
n"'123&56#1231;561«10-
16 37| 3ela| 33| 35| 3.6| 3.7
20
17 Lol Le3| Le5] Lol LeS h-l:l
18 LeOl LeS| Le3]| Lol 3.9 4o2
25
19 | bots] 43| we2| Bo1| 4a3| 4.2
20 | 3.5| 3.5| 3.5| 3.7| 3.5| 3.2 4.0 |43 | bhe2 | Lol (L6 L7 | 23
3| 21 = | 31| 3.5| 3.6| 3.8| 3.7
22 307 306 3.2 306 307 302
35 | 24 2.6 2.4 2.6 2.7 2.6] 2.5] 3.0 | 3.2 | 3.0 | 3.0 |32 | 3.5 | 25
26 |~0.9|=0.7 |=0+7]=0.5]|=0.4 |~0.2]-1.2F1.1 0. | 2.8%] - | - | 28
4O . ‘
27 |2.0]-1.6]~1el4|-1.2]-1e3|=0.9)-2.2 01 {22 - | - | - | 29

# Values for r have been calculated from the mean values for TS and TR
as given in Tebles 27 and 33, while values for TE were obtained as

detalled on p.125.

For explanation of the meaning of r see p.125.

* The humidity was held low during this hour.



Table 43.

e effect of thermal environment and

time of exposure on the value of the
thermal circulation index, r, for calf HC/1#*
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D.B.T. Low humidity conditions High humidity conditioms
(°C.) | iment Hour no. Hour no. Ameny
no. 1l 2 3 L 5 6 1l 2 3 L 6 no.
l - - 206 208 208 -
20 | 2 = | 3.7| 3.7] 41| 4.2 u.3'
7 - - 306 307 308 h.O
25 3 - 3'6 L"OO 3-9 Ll-oo Llnol
8 - ’-I--l h-O L.-ol Ll-ol h.O
30 Ll» - 20‘4- 205 206 206 206 Ll».} ‘4.5 309 ‘400 Ll-oo LLOl 9
35 5 - 106 108 1.9 200 201 205 307 Ll»ol 14..0 - - 10
LLO 6 -3;.0 "007 0 003 005 - - 101 - - - - 11

* Values for r have been calculated from the mean values for
TS and TR as given in Tables 28 and 34, while values for TE

For explanation of the

were obtained as detalled on p.125.

meaning of r, 8€e D.]25.
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PART TII

Apparatus and Methods Developed
for the Work of Part I



Chapter 8

The Control of Temperature and Humidity in the
Psychrometric Chamber

The Psychrometric Ghamber has already been discussed
in the General Introduction (p.4). Although the roo?
was equipped by a firm of contractors, the present

writer found that he had to develop special apparatus

and control systems to make the room work satisfactorily.

Some of these ltems are describved in this and the foll-

owing chapters. The two control systems described in

the present chapter were developed from the original

contractors' installation of controllers which not only

worked unsatisfactorily, but usually failed to work af
The original air-temperature controller had an
ON-OFF action provided by & bimetal thermostat; aux-

iliary heat was adjusted manually with the aid of a

The first modification replaced the choke with a Vari

tapped choke; no indication of temperature was provije

transformer. This Variac was then controlled auto~
matically so that it appropriately adjusted the power
input to the auxiliary heaters if either the ON time
or the OFF time of the thermostat exceeded a present
value. The bimetal thermostatsproved unsatisfactory

because (a) they gave no indication of temperature, (D

tain their calibration and were difficult to adjust

accurately to the desired temperature, (d) they were

rather inaccessible and gave rise to great difficultieL

when the air temperature was adjusted frequently, as

C

)

they were subject to contact wear, (c¢) they did not re%
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in the short term experiments. It was therefore dec-
ided to change to an electrical resistance thermometenx
(thermistor) as detecting element with a control unit
utilising magnetic amplifiers to operate a relay pro-
viding ON-OFF action, and to retain the floating actiaon
provided by the automatically-controlled Variac trans-
former. Accurate and remote setting of the desired
temperature thus became possible, as well as accurate
temperature indication.

The original humidity controller utilized an
electrode boiler to maintain a constant pressure of
steam. The detecting element consisted of an adjust-
able bimetal thermostat surrounded by a wet cotton wick.
A fall in wet-buldb temperature caused the thermostat to
open a magnetic valve which allowed steam at high
pressure (20 lb/sg.in.) to be injected into the air in-
let duct; a rise in wet-bulb temperature stopped the
injection of steam. This system did not work because
(a) the delay in the action of the bimetal thermostat
was 80 great that the alr in the chamber became super-
saturated before the thermostat responded, and then
the air became almost dry before steam was again inject-
ed; (Db) the sudden opening of the magnetic valve,
allowing steam to escape from the boiler, caused a large
drop in steam pressure, which initiated oscillations ip
the pressure control system of the boiler; (e) the hiss
of the escaping high-pressure steam was greatly magniffied
by the metal ducting leading to the chamber, increasing

the noise in the chamber to a degree which frightened

the experimental animal. This control system was come




pletely redesigned and indicators added so that the
wet-bulb temperature and the absolute humidity of the

chamber could be observed. In its final form the con~

troller utilized wet- and dry- buld thermistors as de-
tecting elements, from which the controlling unit cal-
culated the absolute humidity and acted as a propor-
tional controller to hold the rate of generation of
steam (which was injected into the duct at !'zero’

pressure) at the level necessary to maintain *he desir

ed value of absolute humidity.

The air-temperature control system

The air-temperature control system was redesign
ed by the present writer and the following system con-
structed.

The air entering the chamber is heated by five
spiral electric heaters placed in a special section of]
the inlet duct (Fig.l). Theme heaters are rated at
6 kN, 6 kW, 3 kW, 1 kW and 0.5 kW respectively. The
6 kW and the 3 kW heaters may be switched on or off
manually. One of the 6 kW heaters derives its energy
from a Variac transformer by means of which the diss-
ipation from this heater may be adjusted continuously
from O to 6 kW. It is therefore possible to supply
heat at a constent rate to the air entering the chambe
at any level between O and 15 kW, with 3 kW overlap
between adjacent ranges. The heat derived from these
large heaters is referred to subsequently as 'backing
heat'. The two smaller heaters (dissipating 1 and O.

kW respectively) are controlled either singly or to-

r

gether by the discontinuous action of the controller;
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thus either 0.5, 1, or 1.5 kW may be switched on or ofif
as the ailr temperature falls below or rises above the
desired value.

Fig. 18 is a circuit diagram of the measuring
and controlling units. The thermistor Th.l is a small
disc of semiconducting material with a temperature co-
efficlent of resistance of approximately 4%/°C. which
is approximately ten times as great as that of most
metallic conductors. The present author has shown
(Beakley, 1951) that a certain value of fixed resistaﬁce
placed in series with a thermistor and a source of
constant E.M.F. causes the relationship between the
temperature of the thermistor and the current flowing
through it to be closely linear. Thus by the choice
of a suitable value for R4 (Fig. 18) the current throth
the first winding of the magnetic amplifier M.A.l.
varies linearly with the air temperature. The second
winding of M.A.l is almost identical with the first,

except that since it is wound rather closer to the bobbin
it has a slightly lower resistance. An extra small

resistor made of copper wire, R7, is therefore placed
in series with this winding and in close proximity with
it; this ensures that changes in temperature of the
magnetic amplifier cause no difference in resistance

between the first winding and the second winding plus
R7. The two windings are connected in opposition so
that when equsl currents are flowing through them the
net effect on the flux through the core of the magnetile

amplifier 1s zero. The resistor R6 is identical with
R4 and so whenever R5 and the resistance of the ther-




mistor are equal the net input to the magnetic ampli-
fier is zero. R5 is a tapped constantan reslistor,
the appropriate sections of which may be selected by
the 24-way wafer switch Sla, so that the part of R5 in
the circuit is exactly equal to the resistance of the
thermistor at air temperatures of 15, 16, 18, 20....4Q,
42, L, 45°C. Sl is the 'coarse control' for settin%
the required temperature. In brder that the change
of current load shall not exert undue influence on the
8 V D.C. supply, the tapped resistor R8 is included in
the circulit so that as S1 is adjusted the total current
through R5, R8, and Th.l stays approximately constant

under steady working conditions for all settings of Sl

The meter M1 is connected across opposite arms of the
bridge end so indicates deviation of the actual tempern-
ature from the desired value set up on the coarse con-
trol Sl. This meter, which is a centre-zero instru-
ment, has two ranges selected by the switch S2, maxi

deflection representing *2.5°C. or X 25°C. respectively.
For the more sensitive range the value of R10 is cal-
culated by the method given by Beakley (1951). For
the less sensitive range the sensitivity of Ml is re-
duced to one-tenth by the shunt R1l2 and the resistor

R1l added to restore the total resistance to its normﬂl
value. The third winding of the magnetic amplifier
passes current which is derived from Rl, R2 and R3.
This latter potentiometer provides a 'fine control'
with a coverage of + 1l.5°C., and is graduated in tenths
of a degree. The network also supplies a small bias
current to the magnetic amplifier to keep it on the




linear part of its characteristic under normal conditions.
The fourth winding of M.A.l compensates the magnetic
amplifier for changes in epplied voltage and fregquency
so that mains voltage changes of + 15% and of mains
frequency changes of + 5% produce changes in the control
point of less than + 0.05°C. The non-standard value
of the voltage applied to the A.C. windings of M.A.l
(542 V) is due to the amplifier having been designed
for a nominal voltage of 5V and on test showing the
required degree of compensation for input voltages of
L.4 to 6.0 V, which gives a nominal mid-point voltage
of 5.2. The transformer supplying this voltage was
later designed to give an output voltage of 5.2V at
nominal mains input voltage (230V). The fifth wind
of M.A.l provides positive feedback, enabling a stable
current gain of approximately 100 to be achieved. The
main purpose of the filter network Cl, L1, C2, is to
prevent the induced voltages from the input winding of
M.A.2 from reaching the rectifier M.R.1l. The second
winding of M.A.2 provides bias, and the third winding
positive feedback to give a current gain of 15 to 20.
The relay Ryl requires approximately 1l0mA to energise
it and releases at approximately 5mA. The sensitivit#
of the whole system is such that a change of 0.05°C. at
the thermistor is sufficient to operate the relay.
Operation of Ryl causes the hotwire vacuum switch HVS1
to operate, and this controls either or both the 0.5
and 1 kW heaters, aceording to the setting of S3 and Si

The circuits associated with V1 control the mov
ment of the Variac which adjusts the heat dissipated
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in one of the 6 kW heaters. The switch S5 allows the
choice of & time interval, adjustable in steps over the
range 15 to 150 sec. If the time that the small heatep
stays on or off exceeds this figure the Variac is cause

to increase or reduce, respectively, the voltage appliefi

state conditions, when the backing heat is correctly
adjusted, the small heater cycles in a regular fashion
and the Variac is unaffected, but when thermal demand opr
power line voltage changes, the duration of the on or
off part of the cycle changes and the Variac is auto-
matically adjusted in the correct direction.

The mode of functioning is as follows: Assume
Ryl to be energised at time O. Ry3 is energised at t

same moment. C5 is discharged through R16 and R17 vi
contact Ry3a. The top of C4 is connected to the anod
of V1 via Ry3b, and the bottom of C4 is connected via

Ry2a (since the screen of V1 is passing current) to the
anode of V2b, to R18 and thence to the grid of V1, and

to charge through R25 and R24; whilst its lower plate
is positive it also charges via V2b and to some extent
via the grid of V1, although the grid stopper R18
prevents excessive grid current. Since the grid of
V1l is thus at approximately cathode potential both scre
and anode conduct heavily and so the voltage at the
anode is low. CkL continues to charge via R24 to a vol

tage which is the difference between the anode voltage

of V1 and the =15V line. As it does so the voltage

at the grid of V1 falls and that at the anode rises.
It may be shown that during this period of

to the 6 kW heater by a fixed amount. Thus under steafy-

to the selected resistor R19 to 24. C4 therefore stants

en
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Miller action the time/taken for the anode voltage to

increase by an amount Va is approximately

¢ = e CR__(1+A) (1)
Vb A
where Vb is the voltage at the end of R2L4 remote from

the grid (approx. 15V), and A is the steady voltage
gain between grid and anode of V1 (which here is in

the range 100 to 200). When the voltage at the anode
of V1 reaches that at the cathode of V2a (150V) the
latter valvé conducts, preventing the anode voltage of
V1 from rising further and reducing A to zero. The
elapsed time from the beginning of the cycle to this

occurrence is obtained from equation (1) :-

t = 150 CR = 10 CR
15
After the damping of the anode voltage of V1, C4 is

left to charge freely via R24. In effect it has
applied to it slightly less than 15V in series with
R24. The grid cut-off voltage of V1 is approximately
=5V and the time taken to reach this point after CL
starts charging freely is of the order of % CR. It 1F
apparent that after the anode of V1 reaches 150V the
valve is rapidly cut off. The screen current drops
rapidly to zero and the relay Ry2 released, discharging
CL via the contact Ry2a and R17, and slso isolating C7
from the «15V line. C7 discharges through the selectbd
resistor R26 to 33 and as it does so the grid of V1
rises expontentially at a rate determined by the time
constant C7 R26 (or whichever resistor is selected by
86¢c). when the grid reaches approximately =3V the
screen current is sufficient to energise Ry2, and ClL if

w7



again placed between anode and grid of V1, taking the
grid to earth potentisl and assisting the fast action
of Ry2. A very short time later C7 has charged via
contact Ry2c and R35 to ~15V, and the circuit is in its
original condition. During the time that Ry2 is re-
leased the contact Ry2b applies the neutral 230V mainﬁ
lead to a capacitor motor which drives the Variac
transformer. The other mains lead is connected to
the relay contact Ry3c, and according to the state of
this relay (i.e. as to whether the chamber is too hot
or too cold) is connected to that lead of the motor
which decreases or increases respectively the output
from the Variac. ' The time for which the motor runs,
i.e. the relative change in voltage output from the

Variac, is adjustable from 1 sec. to 3.5 sec. by mean%
of 86.

Should Ryl stay on for a considerable length o
time, the cycling action of V1 described above continues
at the interval selected by S5. When Ryl is released
owing to the chamber having reached the desired temper-
ature, C5 is brought into circuit in place of Cl4. A
long as the alternation of Ryl continues at time intert
vals lese than the value selected by S5 the anode of VQL
can never reach 150V and so Ry2 is not affected.

Other facilities are available with S6, which
(a) switch off the motor driving the Variac transformel
80 that its position is not automatically adjusted, (b)
cause the motor to drive the Variac in the direction

necessary to increase the voltage output, and (c) caus%

the motor to decrease the Variac output. Under each




of these conditions the bias on V1 is held at =15V so
that the valve does not overheat.

Provision is made for the remote switching of
the large heaters so that the mains cables carrying
large currents need not be brought to the control cab+
inet. S8 supplies voltages to the coils of three
heavy-duty relays which control the supply to the heaters.
These relays were modified from War Surplus equipment
and were rewound with 1000 ohm coils to operate at
approximately 30mA. The switching arrangement shown
in the diagram was found to be the best and most econ-
omical method of switching these relays to give steps
of O kW, O to 6 XW (from the Variac), 3 to 9 kW, 6 to
12 kW, and 9 to 15 kW. Each heater has a current
transformer placed in its supply line so that the

current through any heater may be monitored on a meter

M2 in the control cabinet.

e humidi control system

The absolute humidity of a volume of air is th
welght of water vapour contained in unit volume of th
air. It is conveniently expressed in mg/l. If the
volume of air is heated the absolute humidity remains
constant, whereas the relative humidity and the wet-buhb
temperature change greatly. Further, the amount of
water which must be added to a given volume of air to

change its absolute humidity from one value to another

is proportional to the difference in sbsolute humidity
independently of temperature, whereas the amount of water

vapour added to change the relative humidity or the wet-
bulb temperature by a fixed amount varies greatly with
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temperature. Thus in a humidity control system util

izing proportional action, the choice of absolute
hunidity as the controlled physical quantity 1is far
more logical than that of relative humidity or wet-bulb
temperature, and simplifies the design of a stable
control system.

An examination of the possibilities of using the
existing electrode boiler disclosed an elegant control
system which is believed to be quite novel. The boiler
was equipped with a motor-driven pump to f£ill it with

water, and a magnetic valve to empty it. The principle
of operation of such a boiler is that the water acts g8
an electrolyte, carrying the current between the thre
electrodes immersed in it. The current, and hence the
rate of generation of steam, is proportional to the
length of electrode immersed in the water, i.e. to thj
level of water in the boiler. Included in one of th
power leads to the boiler was a current transformer
from which was available a voltage proportional to th
current taken by the boiler. It was thus possible to
oppose this voltage with another voltage and cause the
difference, if positive, to operate a relay to cause
water to be pumped into the boller; if negative to

let water out of the boiler; and if approximately zero

to maintain the status quo. Such a system is in effect
a boiler current control system which can hold the boifler
current constant at any desired value. It now become
poesible for the desired value of boiler current to be

proportionally controlled by the deviation of the absollute
humidity from 1ts own desired value, the steam so gen~
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erated tending to reduce this deviation to zero. Such
a control system consists of two closed loops, the main
loop being the humidity control and the subsidiary looP
the water-level control for the boliler. ~ Since the
vair-flow through the chamber and the volume of the

chamber are constant, a given rate of injection of stepm
(or a given boiler current) produces a certain change

in the absolute humidity of the air in the chamber.

‘It was calculated from the parameters of the system thhat,
working at nominal mains input voltage, 1A increase i:r
boiler current should increase the absolute humidity of
the air in the chamber by 1.6 mg/l.; experimentally
it was found that lA boiler current increased the absoP-
ute humidity by 1.50 mg/1.

By the use of electrical instruments to measure
humidity, changes in absolute humidity of the air may
be converted into electrical changes which are directly
comparable with those representing boiler current, and
thus with the potential correction to the absolute
humidity of the chamber. On this basis it is poesiblp
to define a control factor, which is the ratio of the
potential correction to the deviation of the absolute
hunidity. It is well known that a large value of
control factor, whilst tending to maintain the deviatibn
very low, gives rise to oscillation in the system. An
analysis has been made of the present system to determpne
the optimum value of control factor for it. It was
determined experimentally that (as would be expected
from theoretical considerations) the delay in the re-

sponse of the humidity detecting element, the delay



between an increase in demend of boiler current and tje

increase in actual rate of generation of steam, and the
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decay of the absolute humidity of the chamber on stopping

the input of a constant flow of steam, were all expon-

-ential functions of time. It was found that the time

constants of the processes were 1.0 min. for the humidity

detecting element, 0.2 min. for the boiler, and that the

decay time of the chamber was beswt represented by the

product of two exponential functions with time constants

of 2.5 and 0.3 min. respectively.

If the system be drawn in the symbolism of
electrical engineering as in Fig.l9 it is obviously
very similar to the circuit of the well-known phase-
shift oscillator. For this the conditions required
for oscillation are easily calculated. The transfer
characteristic of the network (without the feedback
represented by the dashed lines) is:

o . A (1)
Vi (L43oT)) (14 Jwly) (1+guls) (1+jer))

The requirement for stabllity of such a system with

feedback is that Vo/Vi > -1 for a phase shift of (2n-l)}'

under conditions of no feedback. The phase shift is
(2n-1)7 when equation (1) contains no imaginary com-

ponent, i.e. when:

=3 (T +T#TT, ) + Ju (T,7,05 + 'rl'rsmu $ TyT,T) +

Substituting the values given earlier:
| « = 1.66 radians/min.

This corresponds to a period of oscillation of 3.8 minL

The ratio of the amplitudes of Vo and Vi is:

T2T3Th)= 0



iVol _ A
W™ $f(1ee? 0,2)(100% 12) (208 1 2)(1+ L) 3
Substituting the value of w = 1l.66 from above:
Vol _ A
IvViy 9.5

Thus the system should be stable for gains of less tham

9.5. The gain of the amplifier in this system is equiT-

alent to the control factor in a control system, and s¢

in the present humidity controller a value of 8 was

chosen for the control factor, giving a factor of safeiy

of approximately 20%. It may be stated here that whe
the control system was eventually installed and tested;
oscillation was found to occur with a control factor of

epproximately 10 and having a period of 3.4 min.

Whilst comparing the various methods of exprés&-

ing humidity the author found that values of absolute
humidities calculated from published tables (Hodgman,
1945) of relative humidities and wet- and dry- bulb
temperatures, and of the variation of the density of
saturated steam with temperature, could be plotted
graphically in the form of Fig.20. The departure of

the calculated points from the family of straight line%
is obviously very small. The diagonal line op the

graph, corresponding with the points where wet- and dr*—

bulb temperatures are equal, denotes the condition of
saturation. Humidities to the left of and above this
line camnot of course be realised, as is shown by the
dotting of the extensions of the lines representing
humidities from 35 to 50 mg/1l.

Fig.20 shows that at any given absolute humidi ty,

a variation in dry-bulb temperature results in a pro=-
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portional change in wet-buldb temperature. The midpoint
of the range of dry-bulb temperatures of interest here
is 30°C. Consider now a pair of identical electrical
thermometers, over one of which is a wetted wick. Placp
the dry thermometer in a bridge circuit so that its out-
put at 30°C. is zero, and attenuate the output from the
bridge by a factor which is equal to the slope of the
line in Fig.20 representing the desired value of absolute
humidity. This is the correction for the influence of
dry-buldb temperature and must be added to the electricall
quantity representing wet-buldb temperature. By sub-
tracting a quantity equivalent to the wet-bulb temper-
ature for the desired ebsolute humidity at 30°C. dry-
bulb temperature an output proportional to the deviation
of gbsolute humidity from its desired value is pbtained)
Since the absolute humidity lines on Fig.20 are not

equally spaced this relationship is not absolutely linesr,
but over a range of + 5 mg/l. from any desired value t:[
departure from linearity is less than + 5% or + 0.25 mgyl.
This principle has been adopted in designing the present
absolute humidity control system.

Fig. 21 is the circult diagram of the humidity
controller. The stages up to and including M.A.l are
very similar to the corresponding part of the air temp-|
erature controller of Fig.l8. There are however two

important differences. An extra control winding (no.2

S’

is included in the magnetic amplifier and to this is
applied the dry-buldb temperature correction derived from
Th.2 and the bridge circuit consisting of R34, R37 and
R38. The bridge is designed to be balanced when Th.2
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is at 30°C. and the out-ofobalance current flowing through

winding 2 is designed to be in the correct proportion
(as indicated in Fig.20) to the wet-bulb error signal
flowing through winding 3. Correct variation of this
factor of proportionality is achieved by the variable
resistors R35 and R36 which are adjusted by a section
of the switch S1 used to select the desired value of

absolute humidity. This dry-bulb temperature correction
may be switched out of circuit by the switch S3 (b) whieh

enables wet-bulb temperature - as opposed to absolute
hunidity - to be controlled, although as explained ear-
lier this is less effective.

The output of M.A.l is developed across R15.
Since M.A.l must work on the linear part of its charac-
teristic a standing current flows through R15 when the

currents through the control windings are correctly

balanced. The resultant voltage across R15 is cancellled

by the bias network R16, R17 so that under balance con-
ditions zero voltage appears between the top of R15 and
earth. The resistance of the attenuators R18 and Ri9
across the output is very large compared with R15 and
R17 and so the variation in load on the magnetic ampli-
fier is negligible when they are adjusted. R19 is a
stepped attenpator and is adjusted by one section of tﬁs
switch Sl which is used for setting the required value
of absolute humidity. It ensures that the absolute

humidity error signal fed to R20 is directly proportioqal
to the actual error and is not a function of the desired

value. RI18 is a preset control which enables the gain

of the system (the value of control factor), to be
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adjusted to 1tws optimum value. The transfer charac-
teristic of this humidity transducer is such that a
change in absolute humidity of 1 mg/l. produces an out
put of 0.5 V, and the equivalance is practically linea
over a range of + 4 mg/l.

The meter M1 is shown in the circuit diagram as
measuring only deviation of wet-bulb temperature. In
fact S2 is a multiposition switch and may be used to
allow M1 to indicate deviation of absolute humidity
from its desired value.

The valve V1 serves to match the high impedance
output from R19 to the low impedance input windings of
M.A.2 and M.A.3. It formerly served a second purpose
which has since been discarded. The inclusion of a
large-~capacity condenser between the anode and grid of
V1 results in the effective placing of an integrating
circuit of long time constant in the input circulits,

and with this it was hoped to achieve increased efficiéncy

of operation by the addition of some integral control
actibn; this proved unsatisfactory and removal of th
condenser left the circuit as shown.

The current taken by the electrode boiler is
measured by the circult containing Tl and M.R.7. The
original cohtractors' installation included a current
transformer in one phase of the 3-phase mains supply
to the boiler. When suitably loaded this current

transformer glivee an output of 1V for each 10A of boiler

current. Tl is included in the present circuit to

step up this voltage by a factor of 7, so that at 50A
boiler current (which is rather greater than the maxi-

I
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mum required in this installation) 35 V (as against thé
36 V max. recommended by the mskers), are applied to
M.R.7. The direct current output from M.R.7 under
these conditions varies linearly with boiler current in
the range 2 to 50A, but becomes non-linear below 2A.
This is, however, below the minimum of 3A which is nor+
mally required by the system. Boiler current is in-
dicated on the 5mA meter M2 which is calibrated O to 50

A and of which the pointer is offset +1A to give corregt
indication of boiler current from 2 to 50 A. The relgy

R3 operates at L4.5mA and opens at 3.5mA. The contact

Ry3a is in series with the output from M.A.2 and switches

off the pump when boiler current exceeds L5A. The

current from M.R.7 also passes through a control winding

of each of M.A.2 and M.A.3; through other identical win-

dings in these magnetic amplifiers passes the current
from the network consisting of R26, R27 and R28. R27
is used to set the approximate boiler current (within
+ 5A) which the given humidity conditions are expected

to require. It has an inverse semi-log law and circuit

values have been choeen so0 that the scale on the setting

control for boiler current is approximately linear.

Control currents flow in opposite directions through the

two magnetic amplifiers, so that an increase of (for

example) boiler current tends to energise Ry2 and de-
energise Ryl. Bias on the magnetic amplifiers is such
that when the boiler current is correct neither Ryl nox

Ry2 are energised, but a change of O0.5A boiler current

operates one or other relay.

of 1A in the control of the boiler current. This,

There is thus a dead zone
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together with the =mall time delay introduced by the

magnetic amplifiers, prevents small and rapid variatiops

ih boiler current caused by bubbles of steam at the

electrodes from operating the pump or the magnetic valre.

It also prevents oscillations caused by the introductipn

of too much water into the boiler by the pump with sub

T

sequent overshoot of the falling water level when the
magnetic valve opens. It is possible for the system
to run for long periods during which the only control
action is the replacement of the water boiled away as
steam.

A subsidiary circuit is associated with M.A.2
which ensures that the meking of the contacts Rylb and
Rylc which operate the pump motor is very rapid. At
the moment that Ryl is energised sufficiently to oper-
ate the contact Ryla, C4 - which has been charged to
150 V via R32 - is discharged through a wiﬁding of
M.A.2 and causes repid action of the relay. C4 is
rapidly discharged and does not affect the circuit when

the main control currents cause the relay to be releaspd.

Override switches S4 and S5 are included so that the
pump may be stopped and the magnetic valve opened to
empty the boiler rapidly. Metrosil surge suppressors
are fitted across the pump motor windings and across
the coil of the magnetic valve. The switch S3 enable
either wet-buldb temperature, absolute humidity or boill
current to be controlled; independent control of the

latter is very useful in allowing the humidity to be

changed very rapidly by manual rather than sutomatic means.

The +300V and -150 V supplies are obtained from

P r
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stabilised lines of low impedance output used for othep

line of similar origin. The 8 V line, which is share

equipment; the +150 V is obtained from a non-stabiliged

with the dry-buldb temperature controller, is obtained
from a magnetic amplifier circuit rather similar to
that of Fig.3l but supplying 8V at 4O to 60 mA with
a constancy of + 1%.

Plate 4 is a photograph of part of a chart from
an independent wet- and dry- buld temperature recorder)

and shows the degree of control achieved with the
system.
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Reproduction of a portion of a chart

from a recorder, showing the accuracy

of the temperature and humidity control

of the psychrometric chamber. The top
trace is the dry bulb temperature and the
lower trace the wet buldb temperature.

The time scale reads from right to left.
The air temperature was originally 20°C.
and the absolute humidity 15 mg/l.; the
controllers were reset to 25°C. and 20 mg/l.
and left for a few hours whilst this re-
cording was made. The calibration of the

recorder is such that 60 on the chart is
25.2°C. and uo is 20.2°C.
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Circuit diasgram of the air-temperature

control unit used in
o or. the psychrometric



Key to Fig. 18
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Fig. 19. Diagram showing the similarity of
the humidity control system of the

psychrometric chamber to an electronic
phase-shift oscillator.
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DRY BULB TEMPERATURE °C

The relationship between absolute
humidity and wet- snd dry- buld
temperatures. The points on this

gra?h were calculated from the tables

of 'Relative Humidity from Wet- and

I'er- Bulb Thermometers' and of
Propertiee of Saturated Steam (Density)!
collected by Hodgmen (1945).
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Key to Fig. 21
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IR %R - Y R O i el e
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%%8 100K WW pot Ry2 PO 1000 ./2M 28 1355 " L " "
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a3 oz % uS Fl2 0+06A 3 |uo J2ous | * | 2 | 680|180
24 33K 58 H8 (2w L1 S5H 30~ 50mA 35 1001 |8200] 1 " "
R25 39K 5% HS 22“; 36 45 960 " n " "
R26 2,7k 1% =S T1 1:7 step-up
ggg §&3x g plolg (Law ISL) W 12 3771 50 895 " 0 L70 | 220
B2 lok i Calibrated 2,5-0-2.5 38 ol "t "
R30 10K 1 M2 O0-5mA DC MC 40 | 60| 815 | @ | 270 | 270
gg% %;’OI lg HS Calibrated 0-50 A _ 42 752 " " " 1"
R36 1M  20% 81 Oak type G 24way Swafer Lk 694 " " " " R
R34 1680w 0.1% const S2 Oak type H llway 2wafer 45 66l " " " "
gg% goe :i:sz coi.mm gi gak type H 3way 2pole
ee ilast column oggle on=-off &
R37 1680« 0.1% const 85 ‘Toggle on-off Tolerances- 0.1%| 5% - 5% .
R38 1252w 0,1% const , .
R39 1.2k 2% V1 EFS0 *R19 consists of a L1K 2% HS resistor in
4 , series with nine 6.8K 2% HS resistors,
Cl 50uF 25V one end of the 41K resistor being eartheid
C2 50uF 25V The numbers in this column refer to the
C3 50uF 25V tappigg point with reference to the
gg g“u.; gg;g nuniber of 6.8K resistors between the
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Chapter 9

The Measurement of Temperature

Thermometers

on the measurement of temperature. Of these, the most
convenient collection is a series of papers read at a
Symposium held in 1939, published under the auspices of
the American Institute of Physics. In it liquid-in-

electric thermometers by Roeser (1941), resistance ther
mometers by Mueller (1941), and other aspects of temp-
erature measurement by Scott (1941) and by Roeser &

Wensel (1941). 1In other publications Bedford & Warner
(1934), Murlin (1939) and Elder (1941) have reviewed
methods of measuring skin temperature. Aldrich (1928)
and Hardy (1939) have described radiometers for the

measurement of surface temperatures but for various

reasons these radiometers are unsuitable for univérsal
application. Findlay (1950) has reviewed the measure-

ment of temperature in ¢nvironmental physiology, and

Many papers, reviews and books have been wiitten

glass thermometers were dimcussed by Busse (1941), thermo-

erature measurement for bliological purposes. Powell
(1935), Ewell (1941) and Lorenzen (1941) have discussed
the measurement of environmental dry- and wet- buldb
temperature, whilst Vernon (1934) snd Bedford (1946)

have described the use of globe thermometers for measur

ing the mean temperature of the surroundings, cqmbininé

the air and wall temperatures into one figure.

Prouty & Hardy (1950) have reviewed the subject of temp-
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The accuracy of the methods used to measure
temperature is of fundamental importance in stuaies of
the effect of heat on animals. In the experimental
procedures dealt with in this thesis, where the temper-
atures of a large number of objects of different kinds
have to be read in rapid succession, the chief require-

ments of the temperature measuring system are:-

(a) All readings must be presented at one central
position.
(v) The calibration of the thermometer scale must

be directly in degrees centigrade; 1.e. it must be

unnecessary to convert any reading of arbitrary units

into degrees.

(e) The temperature-sensitive element must be cap-
able of being fixed to the skin without affecting heat
loss or blood circulation. It must be capable also of
accurately measuring surface temperature or air temper-

ature, and of being used as a rectal thermometer.

(o) The range of temperature over which accuracy

mast be maintained is 15 to 45°C.

(£) In order to be unaffected by the conditions in
8 badly-ventilated observation room the instrument nmust

hold its accuracy at ambient temperatmres of between 12

(g) All temperature-sensitive elements must have
identical characteristics to obviate the necessity for

a large number of individual calibrations.

(a) The accuracy of the system must be within + 0.1°C.

and 30°C. under conditions of rapidly changing tempersature.
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(n) The temperature-sensitive elements must be
either very robust, or else cheap and easily made and

replaced.

(1) The complete temperature measuring system must
be simple to use, quick in response, and require the

absolute minimum of adjustment.

The device which most nearly satisfies these

The major difficulties inherent in its use are:-

(a) A very sensitive indicating instrument is
required.

(b) A reference junction must be provided.

(e) Stray thermoelectric and electrolytic potentials

may cause erroys.

(a) A potentiometric method, or some adaptation of

it, must be used when high accuracy is required.

(e) Inhomogeneities in wiring must be avoided.

of error is given in a number of papers by White (1914
1914b, 1933) who has also devised a rapid method for
detecting inhomogeneities in long samples of constantan
The temperature measuring system developed by
the present writer for these studies overcomes all thesge

difficulties and is described in the following pages.

The Thermoelectric Thermometer used in the present stud

A more comprehensive list of the possible sourcges

ies

G is a self-contained re¥lecting galvanometer whose.

Fig.22 is a schematic diagram of the thermometer.

seneitivity is approximately 2 cm/microamp and resistance
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conditions is the thermocouple or thermoelectric thermometer.

wire.



25 ohms. RJ is a special reference junction, described
later, the effective temperature of which is maintaine
constant to within + 0.05°C. of a chosen value althoug
its actual temperature may vary between the limits 10

to 30°C. A switch is incorporated so that the effective
temperature may be set to 20.0, 30.0 or LO.0°C. The
thermocouples are of 4O S.W.G. copper and constantan

wire, and since the resistance of the required length

of this gauge of wire is prohibitively great a 'compen:

sating lead' of 28 S.W.@. wires of similar materials i?
used. Switching from one couple to another is performed
with specially designed switches, which prevent the
introduction of spurious E.M.F.s. Close tolerances of
length (and hence of resistance) are held on all therm¢-
couples and leads so0 that they do not vary more than
+ 0.5 ohms from a nominal value. The galvanometer as
purchased was calibrated in centimetres, with minor
divisions at 2 mm intervals, and with a centre zero on
a curved scale. That part of the scale between the
limits ~-5cm and +5cm is in this application read as
degrees C. t0 be added to the effective temperature of
the reference Jjunction. The meter deflection being
linear to within 1%, the temperature may be reed on it
(assuming the temperature-E.M.F. characteristic of the
thermocouple to be linear) to 0.05°C. over a range of
15 to 45°C. It will be shown later that the overall

| long-term error of this system is less than 0.1°C.




The Galvanometer

The galvanometer used in the instrument is a
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Cambridge Spot Galvanometer of nominal resistance 20 ohms.

When used in series with a resistance of about 60 ohms
it is effectively a microvoltmeter of sensitivity
epproximately 1 cm/40 microvolts. Of three galvanomef

p

of this type tested, all were linear to within 1% over

a deflexion range of -5 to +5 cm., but one in particul%r

ers

was outstandingly good, being sbsolutely linear to within

the accuracy of observation (i.e. + 0.5 microvolt, + Od
mm.) over a range -6 cm. to +7 cm. It was expected
that the galvanometer would show a temperature coeffic
of voltage sensitivity and preparations were made to
compensate for this, but over a range of ambient tempen
ature from 13 to 35°C. the temperature coefficient was

found to be zero. However, a slight drift of the gal-

vanometer zero, amounting to 2 mm. over the above ambi
temperature range was apparent. Also, a drift of 2

was found to occur during the first hour after switchi
on the galvanometer lamp, presumably due to the diffe

heating effect of this lamp on the internal leads.

to be made occasionally, a switch has been incorporate

In order to allow a zero adjustment of the metjr

which disconnects the thermocouple circuits from the

meter and substitutes a mangenin resistor of the same

resistance.

The total resistance of the circuit in series

with the galvanometer is such that the meter is slightlp

overdamped, allowing a reading to be taken within 3 to
L4 sec. of the application of an E.M.@.

3

ent

nt

ntial




The Thermocouples and Leads

There is practically no choice of materials foi

the thermocouples. The short life obtained under the
conditions of the physiological experiments, and their
comparatively low sensitivities rule out the precious

metals. The high sensitivities available with such

metals as tellurium are negated by their high resistiv#ty

and great varisbility. The choice really liles betwee#
copper-constantan and iron-constantan; and whilst the

linearity and sensitivity of the latter combination are

rather better than those of the former, the lack of re
slstance to corrosion and the cogparatively high

electrical resistivity and temperature coefficient of

resistivity of iron maske this material inferior to copper.

Eggert (1946) and others, have shown that the
conduction of heat along a thermocouple wire to or fr
the surface of a body may lead to apprecisble errors 1#
the measurement of its temperature unless thin wires

are used. Further, the heating effect of rsadiation is

greater with thicker wires and their flexibility is loY.

Consequently the thermocouples are made of 4O S.W.G.

copper and constantan wires insulated and twisted together.

The resistance of this combination is approximately 13
ohms/ft. and it is possible to use 1 ft. of this with
25 ft. of the lead wire without reduciihg the voltage
sensitivity of the instrument below the required figure
The thermoelectric sensitivities of the LO and

28 S.W.G. pairs of wires must be very well matched for

good accuracy. If the measuring junction and the joint

between this and the leads differ in temperature by 209C.,
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and the sensitivities of the two pairs of wires differ

by 1% the magnitude of the error so introduced is 0.2°C

Manufacturers of constantan wire for thermocouples gquote
a tolerance of + 2% in sensitivity between batches of
wire. It is thus virtually impossible to find two
sampbes of wire which under the above conditions produc#e
an error of less than 0.05°C., i.e. are matched to within
0.25%.

Measurements were made on a number of availablg
sampbes of constantan wire to determine the temperatureg-
E.M.F. characteristics of the wires, which included
samples from three different manufacturers. The methagd
adopted was to use one batch of wire as standard, deten-
mining accurately (+1.0 microvolt, +0.05°C.) the char-
acteristic of this batch against copper, and using as
tempersture standard a mercury-in-glass thermometer
corrected by the N.P.L. All other samples of constantian
wire were measured against this standard batch, thus
obviating the necessity for such extreme care in deter-
mining the actual temperature at which comparisons werj

made. Table L4 shows the results of these comparison

It 1s lmmediately obvious from this table that the threde
manufacturers have produced some samples (nos. 1,2,3,5)
very nearly though not exactly similar to each other;
these samples have the same characteristics as those
given in the International Critical Tables (1926). It
is also apparent that the thicker wires fall naturally
into a group of one smell range of sensitivities, and
that the 4O S.W.G. wires, with one exception, comprise
another group of rather higher sensitivity than the




of the wire, when strains may have been developed in the
thinner wire which might be removed by annealing.
A 3 ft. length of 40 S.W.G. enamelled constantan
wire was held horizontally under very slight tension in
air in a draught-free enclosure. Alternating current
from the mains was passed through the wire via a Variadg
transformer and ammeter. Different pieces of wire were
subjected to different currents for different periods
of time. The middle portion of each of the treated
lengths of wire were compared‘with the untreated. The
differences in sensitivity between each differently
treated length of wire and the original are tsbulated
in Table 45. It can be seen from the results that it

mocouple wire by heating it. In this particular case
a certain sample could be brought to the required sen-

sitivity by passing 1l.45 A of alternating current for
155 sec.

Five similar lengths of wire were given this
treatment and each was found to have a sensitivity with-
in 1 microvolt/30°C. of the standard in the range 15 to
45°C. The characteristics of these pieces of wire werle

measured at intervals over a period of three months a
no further changes could be observed. It was concludead

that this method could be used to produce 40 S.W.G. wine

of characteristics identical with those of the thicker

lead wire over the required range of temperature.

former. This observation suggested that the differences
might be caused in the drawing process in the manufacture

is possible to reduce the sensitivity of constantan ther-
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It was later proved that the originail assumpti&n

of the change belng due to a process of annealing was
incorrect. Heating the wire in an atmosphere of coal
gas produced little change in its temperature-E.M.F.

characteristics. Further, a sample which had been

brought to the required condition by heating in air wa?
returned to its original condition by sandpapering. It
is probable that the effect is due to the formation at

the surface of the wire of a thin layer of oxide of on;

WV

or both of the constituent metals. However, this doe$
not affect the applicability of the method in produc1n¢
a thermocouple of the required characteristics.

In meking the complete thermocouple the treated

constantan wire is dipped in a commercial varnish

(Hymeg 4a); heated to 100°C. for 1 hr; twisted together
with 40 S.W.G. double silk covered copper wire; one e#d

of each wire is cleaned by secraping for a length of 1

to 2 mm; the ends are twisted and soldered and varniskhed

overall and again baked. The couple is adjusted for

resistance, checked for insulation, and when required

for use soldered to the lead wires and the joint insul

After this work had been completed it was four

possible to select from new stock two reels of 4O S.W.@.
constantan wire, equal lengths of which in parallel gaye
less than 2 microvolts against the lead wire used in this

installation at all temperatures from O to 50°C. Thi

pair twisted together has since been used in meking th
couples.

ted
with plastic paint (R.A.Brand; Adhesive type 1) and tape.
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The Reference Junction

The basic circuit of the reference junction is
shown in Fig.23. It consists of a resistance thermo-
meter of sensitivity identical with that of the thermo-
couple but connected in opposition with it, so that any

change in their mutusl ambient temperature produces zen
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electrical effect. The basic principles of this syst:r
s

have been in use for some time in commercial instrumen

but except for a generalised description by Miller (1951)

the author has found no details of the finer points in
the literature.

In view of the dearth of information on the sub
Ject, and in particular 4af details of the accuracies
obtainable with such a system, a new and independent
design of reference Jjunction has been carried out.

Semiconductor materials for use as resistance
thermometers (thermistors) have become commercially
available during the past few years. These have a

temperature coefficient of resistance of approximately

0.04/°C., which is ten times that of the metals normallly

used in resistance thermometry. Certain types of thes

thermistors are highly stable, and over a fairly wide

range of temperature (greater than 30°) their resistande/

temperature relationship is accurately described by thd

equation:
RBp = A exp(v/T) (1)
where RT is the resistance of the thermistor at the

Absolute temperature T, and A and b are constants dep-

ending on the size and material of the thermistor.




The author (Beakley, 1951) has shown that it

is possible to design thermistor thermometers of a high

degree of linearity over a fairly wide temperature range

(e.g. the maximum departure from linearity over a rangp
of 20°C. may be kept as low as +0.03° with proper

desien).

In a circuit such as Fig.24 optimum linearity

is obtained when:

_ b - 2T,
= v+ 2T, R, (2)

when R, is the resistance of the thermistor at the

mid-point T, of the working temperature range.
Departure from linearity (!hax) over a range of

temperature between the limits To~h, and T,+h, is

given by the equation:

2
€., = 0.03n° v2/To* (3)
The sensitivity (dI/dT) of such a thermometer is given

by: |
2 2
a1/ar = E(b + 27.) 1-h, %b
v 4 To“bRe ( 12T, ) ()

where E is the applied E.M.F. across the thermistor an+
series resistor r.

In view of the high temperature coefficient of
the thermistor material high voltage sensitivity 1is

obtainable for low current consumption at low applied
E.M.F.

In the reference Jjunction of Fig.23 the resis-

tance r is divided in two. Ty +TH is made equal to r)

and r, is chosen to provide the required temperature
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coefficient of voltage across itself. Thus if av/aT

is the sensitivity of the thermocouple material over the

required range:

av/aT = r, 4I/4T
2 .
r, E(b+2T, ) 1-p. 2 p2
= —= ( '91——1; ) (5)
4To “bRo 12T,

thus defining Thy the other parameters being fixed or
known.

The voltage across r, produced by the standing
current must be csncelled in a bridge network. Thus
r3 is made identical with Poy and ru added to balance.

the bridge at any required temperature. Since r, and

r, are of the order of 231 ohme each the total resistande

introduced into the thermocouple circuit need be of thd

order of only 5 ohms. rz, r3 and ru are made of con-

|stentan wire, which besides having negligible temperature

coefficient resistivity is of the same material as the
thermocouple wire end so does not introduce spurious
E.M.F.8 into the measuring circuit. The resistance oq
the thermistor is in the region of 2000 ohms and an
energising source of 2 or 2.6 volts need supply only 1
or 2 milliamps to the network for efficient operation.
ru’may be made variable, or as is done in the present
instance, consist of any number of resistors selected
by a switch so that the temperature at which the bridgﬂ
is balanced - or what is the same thing, the'effective
temperature' ('.L‘E) of the reference junction - may be

easily and accurately varied at will.
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Fig. 25 shows the error introdnced at various
ambient temperatures by a particular reference junction
used in these studies.

Table 46 shows the extent to which the temper-
ature/E.M.F. characteristic of copper-constantan ther-
mocouples is non-linear, but that departure from linear-
ity in the range of approximately 10°C. to 30°C. is usyally
negligible. The comparatively large error beyond 30°Q.
in the characteristic of the reference junction of Fig.
25 is mainly due to this curvature in the thermocouple
characteristic.

When measuring temperatures in the range 15 to
45°C. allowance must be made in the measuring circuit
for the curvature of the thermocouple characteristic.
In the present installation this has been done by div-
iding the total range of the instrument into three sub-
sidiary ranges, each of 10°(5° on either side of the
effective temperature of the reference junction); oven
any one of these ranges departure from linearity is veny
small. The sensitivity of the galvanometer is changé&
for each subsidiary range by using an extra section of

the switch which selects the effective temperature of .

the reference junction to add extra resistance in serids
with the galvanometer on the 30 and 4O°C. ranges.

The constancy of the E.M.F. of the supply to tHe
bridge is of great importance. Errors introduced into

the system by variations in the applied E.M.F. may be

separated into two distinct categories:




(a) Effect on thermistor sensitivity

The temperature coefficient of the voltage
appearing across r, is directly proportional
to the applied E.M.F. (E). Thus for each
1% change (@E) in the applied E.M.F. there
is a corresponding change in compensation.
If T, is the midpoint of the range of com-
pensation, then at an ambient temperature
of To+h an error of +hAE/E is introduced;
i.e. for an ambient temperature 10° below
the midpoint of the compensated range, an
error of 0.1° for each 1% variation of
applied E.M.F. exists.

(b) Effect on offset temperature

The offset temperature is directly propor-
tional to the applied E.M.F. Thus if Tl
is the effective temperature of the
reference junction an error equal to
(T,-To )a BE/E 1s introduced by a change

Af in the applied E.M.F.

The total effect due to (a) and (b) is:

where TA is the ambient temperature. In the instrument

is 30°, and therefore in order to hold the error below
0.03° it is necessary to malntain the applied E.M.F.

constant to within +0.1%, which for a source of 2 volts

is + 2 millivolts. The total variastion in the current

of the whole bridge is approximately 0.8 milliamps under

extremes of working conditions. Thus the output im-

pedance of the source must be kept below approximately
5 ohms for the + O.4 milliemps change of load to produ%e
less than + 2 millivolts change in the applied E.M.F.

as used here the maximum velue of the term in the brackets
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Two different methods of providing a constant

E.M.F. for the bridge have been developed. The first,
using special dry batteries as the source has been in

use previous to and during the physiological experiments
described in Part I of this thesis. The second, a
mains-operated unit, was developed later, needs less
attention and maintainance, and makes possible the sim-

plification of the earlier circuits.

(1) The battery-operated unit. Ordinary dry Leclanche

cells ('flashlamp batteries') were deemed unsuitable for
this application since on discharge their voltage falls

continuously from the nominal 1.5 volts to 1.2 volts.

In recent years a new type of dry cell has become avail-

by Mesers Vidor Ltd. This cell uses mercuric oxide as|
depolariser, and its discharge curve is characterized by
en initial small fall followed by a long plateau of con-
stant E.M.F. and finally a sharp fall. The nominal
E.M.F. of these cells is 1l.35 volts. The internal

the temperature coefficient of E.M.F. of these cells as|
0¢5 mV/°C. from -4O to 17°C. and zero from 17 to yoec.
A discharge test was made on 3 Kalium cells,
tﬁeir E.M.F. at a continuous discharge current of 3 mA
being measured with a potentiometer with an accuracy of
Ol nmvV.

The measurements were made twice daily under

ordinary laboratory conditions, the ambient temperatur
being normally about 17°C. but ranging from 10 to 22°C.

able, an example of which is the Kalium cell manufacturied

resistance is 2 to 3 ohms and does not change appreciably

with discharge. Data supplied by the manufacturer gives
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Fig. 26 shows the discharge curve so obtained.
Wwhen these cells are used as a source of com-

paratively constant E.M.F. it is necessary to age them

before use by drawing 3 mA for 48 hr. or longer to bring

the working level down to the plateau region. This
plateau varies in height from 1.33 V to 1.30 V/cell,
put for any given cell varies by less than 10 mV or +0g
approximately during the working life of the cell.
Adjustment of the voltage applied to the bridg4
in the reference junction cannot be made by means of a
series variable resistor since a total source limpedance
of only 5 ohms is allowable (see p.178), and this is
completely taken up by the internal resistance of the
two cells required to give 2.6 V. Consequently, in
the present instrument sensitivity rather than voltage
is adjusted. Fig.27 shows the basis of this method.

The resistor r5 between r, and r3 is effectively a pairn

of resistors each of resistance r5/2 ohms and in parallel

with r, or r3. In order to compensate for & change AE

in E, ro must take the new value Tog Then:

T2 _ _E
r2 E+ AE
r.r
r=24
2a r5+2r2

Combining these:
ry = 2r23/A>E

By making r2=r3 the adjustment of sensitivity is the
same on either side of the bridge.

L
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Thus the bridge circuit is designed for the
lowest probable value of applied E.M.F. (2.600V) and
one of a number of resistors r5 whose resistance is
calculated from the last equation, is switched into
circuit for other values of applied E.M.F. It is
necessary to provide an indication of when the system
is correctly adjusted. There are no points within th+
bridge network between which a suitable voltage may be
compared with a standard. In order to facilitate

adjustment the expedient has been adopted of connecting

a voltage divider across the battery, the ratio of which

is adjusted in uniform steps by another section of the
switch which adjusts the sensitivity of the bridge.

Provision is made for using the gelvanometer to indicate

when the output from the voltage divider is equal to
the E.M.F. of a Weston standard cell. Each switch
position is associated with a known velue of E and thL
appropriate value of r5 is inserted across the bridge

at each step. In view of the required accuracy of

setting (0.1% or 2mV approx.) and the comparatively wi?e

range of applied E.M.F.8 (2.60 to 2.70 V) at least 50
discrete steps in the adjustment must be provided.
This is most economically performed by using two sets

of resistors r51 and r52 respectively, one of which

affects the second decimal place of the sensitivity
factor, and the other the third decimal place. The

various resistors r51 are selected by a ten-position

switch, and the resistors r52 by a fiveeposition switch.

For less strigent requirements of accuracy the second

switch could be omitted. Table 47 gives the ratios
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of the various resistances r51 and r52 to the resistanc
Toe

Fig. 28 is the complete circuit diagram of thi%
reference junction. The switch 82 has the three
positions OFF, NORMAL, SET. In the first position th¢
battery is disconnected and the manganin resistor ™o
connected across the galvanometer. The resistance of
10 is the same as the total resistance of the circuit
normally in series with the galvanometer, and allows
adjustment of the galvanometer zero to be made. In
the Becond position of the switch the battery is applisg

t0 the instrument and the galvanometer.included in the

reference junction and thermocouple circuit. The thind

position of the switch 82 places the galvanometer in
series with the standard cell, W.S.C., and the resistor

rg which forms part of the voltage dividing network

across the battery. Adjustment of 83 and Sh then brings

the galvanometer to the null point and at the same timeg
inserts the appropriate value of r5 across the bridge.
The switch 8, gives the choice of 20, 30 or LO°C. as

the effective temperature of the reference Jjunction by

selecting the appropriate ru to belance the bridge-~

thermocouple circuit at these temperatures. At the s%me

time the appropriate resistance (r9) to provide correct
galvanometer scnsitivity is inserted in series with the
galvanometer. The resistances Ty and r3 are made as
one centre-~tapped resistor of constantan wire. This
is wired into the circult in such a way that the con-

stantan thermocoﬁple leads and resistors form a network

e

d

of homogeneous material {except for the solder used in
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connecting them) and that the high tolerances on the
resistances of T and r3 are maintained within this net

work; 1l.e. the small but appreciable resistance of the

circuit associated with ry and Sl‘

(2) The mains-operated unit. A later version of the

reference Jjunction has been developed which retains the
principles of that of Fig.28 but does not include the
switches S_.5 and Su and their associated resistors. ThJ
improvement has been made by substituting a highly-

stable mains operated source of E.M.F. for the rather

voltage constant to within 0.1% and has negligible out-

voltage obtained with variations in mains voltage and
load of the source of E.M.F. as eventually developed.
The basis of the method is to use a magnetic
amplifier as a D.C. impedance transformer between a
source of voltage of high stability and high impedance,
and the low impedance output terminals. At first,
attempts were made to develop a circuit as in Fig.30
using non-linear resistances (Metrosil), but commercisl
available components of this type lose their non-linear
characteristics at applied E.M.F.s below about 25V.
Non-linear elements such as thermistors and copper oxid
or selenium rectifier elements were tried but found to
be either unsuitable for the low volteges required or
insufficiently stable to give a constancy of 0.1%.

main current-carrying leads is placed in the part of the

varisble battery. This new source maintains its outpqt

put impedance. Fig.29 shows the degree of constancy of

1y

-]
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The circuit finally adopted is that shown in
Fig.3l. Although perfectly satisfactory as regards
constancy of output, it is inefficient and rather com-
plex and large. The reference voltage is obtained frgm
V2 which is a highly-stable gas-filled diode type 85A2
through which is maintained an almost constant current
of 5 mA by the buffering stabilising tube Vl. Benson
(1951) has found some variation (+0.2%) in the long
term stability of the 85A2, but no variation approaching
0.1% has been found in the present instrument, over
approx. 1900 hr. of use after the first 10 hr. The
reference voltage is reduced to 2.6V approx. and the
magnetic amplifier compares this voltage with its own
output, feedback being in such a direction as to tend %o
bring this difference to zero. The positive feedback
supplied by self-excitation of the magnetic amplifier
is such that a current gain of approximately 500 is
obtained and a compensating winding is included to
cancel the effects of variations in mains voltage. A
voltage divider across the output terminals provides a
voltage which may be compared directly with the E.M.F.
of a Weston standard cell for monitoring purposes.
Preset coarse and fine controls afe provided for ad-
justment of the voltage output. Since the unit operates
best at current drains of between 5 and 8 mA (see Fig.29)
a variable resistor RV2 is connected across the output

80 that the total output current of the unit may be set

to lie in some region between these limits. After th

linitial setting up of this unit no further adjustment 8

been found necessary over long periods of constant use



Selector Switches

The complete thermometric installation contains
approximately 50 thermocouples whose functions are

divided as follows:

Qe rectal thermometers,
b. environmental thermometers,
C. wall, floor and ceiling thermometers, aﬂd

de skin thermometers.
Each group of thermometers is wired to its own switch or
switches (see Fig.22) each of which may be selected fon
reading by & master switch. If a common circult be
included in any parts of the wiring, stray E.M.F.s

developed by or induced in any one section, or leakages

to prevent this both copper and constantan leads are
switched. In an earlier installation lasboratory-type
switches with all-copper contacts and rotating leaves
were used, but spurious E.M.F.s8 were generated at the
points where the constantan leads were jolned to the
copper terminals. No source of supply of switches with
constantan contacts could be found, and so a special

type of construction was developed.

The British N.S.F. Co. sell small kits of com-
ponent parts for making up their type H wafer switches.
The wafers in these switches are approximately 1 mm.
thick, and the swlitch contacts of silver-plated spring
brass are normally riveted around the periphery of one
face of the wafer. The modification here adopted was

to rivet a contact on either side of the wafer, the con

tacts directly facing each other and the soldering tag

between any sections, might affect the others. In or#er
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lying parallel and spaced 1 mm. apart by the thickness

of the wafer. The switch rotor then conmnects these

two together as required. The closeness and parallelism

of the soldering tags ensures that individuals of any

one pair are at the same temperature, and that the ther

mal E.M.F.s8 generated at the constantan-terminal junctions

are equal and hence cancel each other.

Tests made on switches of this type, by blowing
hot air at about 60°C. across the switch, produced an
error - apart from a few seconds after first applying
the air stream - of less than 0.1°C. With standard

switches such a test produced 3 to 4° error.

Ihe overall errors of the system

The theoretical errors of the system are as follows:-

Cause Magnitude (°C.)

l. Non-uniformity of leads Less than 0.01 when
wire is selected

2. Reference Jjunction compen-

sation + 0.03

3. Tolerance on length of ther-
mocouples and thelr leads + 0.02

L. Variations in applied E.M.F. + 0.03

5. Difference between character- | Negligible when
istics of thermocouples and wires are correctly
leads matched

6. Non-linearity of galvanometer
in terms of temperature + 0.02

7. Thermal E.M.F.s8 at switch
contacts etc. + 6.02

8. Drift of galvanometer zero Negligible if checked|

hourly

9. Stray E.M.F.s due to leakage |Negligible if good

insulation of leads
and thermocouples is
maintained
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The total error as enumerated sbove is + 0.13°Cj
meximum, but since all sources of error are independent
of each other the probability of the error exceeding
0.1°C. is exceedingly small.. The root of the sum of
the squares of the errors is +0.06°C. The system has
|been frequently checked by immersing thermocouples in
water at various temperatures and comparing the readingp

with a mercury thermometer; on all occasions the error

was found to be less than 0.1°C.

Adaptation of the measuring elements to their
different functions

l. Air temperature. This is measured directly by one
of the 40 S.W.G. couples hanging in the air. Since the
wall temperature is at worst only 2 or 3° different from
the air temperature, and since the wire is so thin, no

shielding from radiation is necessary.

2. Wet bulb tempersature. This is usually measured in

than 3 m/sec. is availsble over a short distance. The
LO S.W.G. couple is ;hreaded into a small cotton wick

kept moist with distilled water. The corresponding dry
bulb temperature from which the humidity is calculated

is measured at a point a few cm. distant.

3. Wall temperature. This is measured at a number of

points by 4O S.W.G. couples stuck to the surface with
adhesive cellulose tape.

4. Rectal temperature. This is measured by inserting
8 40 S.W.G. thermocouple into a length of polythene tube
ing 7 mm. in diameter and 20 cm. long, with one end

the outlet duct of the chamber where an air speed greater
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moulded on to a small copper dome to which the end of
the thermocouple is attached. The polythene tubing
(which was originally the dielectric in a concentric
80 ohm R.F. cable) is bent to fit the groove between
the tail and rump of the animal. On insertion into
the rectum it stays in place and usually need be ad-

justed only after defaecation.

5. Skin temperature. This is measured by sticking

the tip of a 4O S.W.G. thermocouple to the skin at the
base of the hairs by means of a small pellet of latex
dissolved in light petroleum. The consistency of the
adhesive at the time of application is rather criticalF
but in the semi-so0lid state it sets in a few seconds.
The thermocouple runs along the surface of the skin,
below the hairs, for a few cm. and is fastened to the
hairs - leaving some slack - to take the straln off thg
tip.
Symmary

A temperature measuring installation of versa-
tile performsnce and with an overall error of less thah
+ 0.1°C. has been constructed and described. In ordep

to fulfil a rigld specification certain elaborations

have been made, the need for which has often been over
looked in other installations. The two worst diffi-
culties encountered have been (a) the wide tolerances
which manufacturers allow between batches of constantan

wire, and (b) the lack of a source of electric current

at a stability of voltage approaching that of a standard

cell.
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Fig. 22. Block schematic diagram of the
psychrometric chanmber temperature

measuring installation.
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R, /\ ér.,

Copper

Constantan Constantan

r % Y,

Fig. 23. Basic circuit of Reference
Junction. For explanation
of symbols see p. 175
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Thermigtor

Pig. 24. Diagram defining the network
discussed on p.175.
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The error introduced by a reference
Junction at different amblient temper-

atures. This particular reference
Junction was used for most of the
temperature measurements made on

calves in the present experiments.
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Fig. 26. The variation of the E.M.F.s

of three Kalium cells supplying
3mA continuously, and of one
Kalium cell on open circuit.
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Pig. 27. Diagram defining the network
discussed on p. 180.



Key to Fig. 28

R 8.T.C. Thermistor type F2311/300

rl, r2, r3, riha, r4b, r9a, r9b, rl0 - see text.
r51, r52 - see Table L7.

ré6l 180-tapped at 20~ intervals + 0.5%
r62 l6.tapped at L. intervals + 5%

r7 31620 + 0.1%

r8 2037 + 0.1%

B 2 Kalium cells type V0106 in series.

81 Osk type H 3 way 2 pole

82 Oak type H 3 way 3 pole 2 wafer B.B.M.
83 Oak type K 10 way 2 pole 2 wafer

84

Oak type H 5 @my 2 pole 2 wafer

Teble 48 gives the values of the special resistors
incorporated in one particular reference Junction.
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Fig. 28. Circuit diagram of the battery-

operated reference Jjunction described
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PARTS/ 1000

CHANGE IN OUTPUT VOLTAGE

Fig. 29.

OUTPUT CURRENT |A

The variation of the E.M.F. of the
constant voltage supply of Fig.3l

with mains voltage and with current

load. The numbers at the right of

each curve are A.C. mains R.M.S. voltages.
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Figg 30.

Desirable circuit of stabilised
voltage supply. This design is
not realizeble, since no suitable

commercial non-linear resistance
M is asvailable.
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Fig. 31. Circuit diagram of stabilised voltage
supply. The output voltage remains
constant to within +0.1% for variations
of mains voltage of +15% and output
currents of 5 to 8 mA.

Rl 10K % 5w W.W. Magnetic Amplifier

R2 10K 5w W.W. "
Cores 2. Each 91 stampi 0.005

R3 26K+5x400w tapped const ! ngs

RL 527.2w 0.05% const Mumetal slze 22CE.

R5 339.5« 0.05% const
R6 1.0186K 0.05% const

R7 1.5814K 0.05% const Yioinge y, 400 T 36 SWG
R8 220« 10%

R9 L4.7K 2% HS Wz " "
R10 0.6« approx.

RVl 500w W.W, W, 420 T 38 SWe
RV2 2.5K W.W.

Cl 16uF 4L450v Wb Lo T 38 SWaG
Cc2 100uF 12v

vl Q8150/ 15 Ws 4oo T 38 SWG
V2 85A2

MRl Selenium 280v 30mA W6. LL4OoOo T 38 SWG

MR2 8.T.C. B6
m} SoToCo B7
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Table L. The thermoelectric characteristics
against copper, of some samples of
constantan wire of different gauges
and from different manufacturers
Semple | Gauge | Maoufac= | - gec.|10°c. | 20°C. | 30°C.| Lo°C.| 50°C.
O* - - 0o 389 787 1194 1610 2034
1l 28 A 0 392 788 1196 1610 2034
2 28 A ) - 787 - | 1609 -
3 25 B 0 - 783 | 1194 | 1611 -
L 25 B o 389 783 1187 1602 -
5 25 Cc o 388 789 1195 1611 -
6 Lo A 0 - 795 - 1625 -
7 Lo A 0 - 94 - 1627 -
8 LO A o - 818 - 1675 -
9 Lo A o} - 797 - 1629 -
10 Lo A 0 - 775 - 1582 -
11 Lo B 0 - 792 - 1622 -

* Figures from the International Critical Tables.

The entries in the table are the microvolts

output when one copper-constantan junction
is at 0°C. and the other is at the temperature
given at the head of the column.
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Table 45. The change in the thermoelectric
" characteristics of a sample of
40 S.W.G. constantan wire after
heating with an electric current
Current Duration Change
Amp' MinO‘ uV/°Co
1.20 2.0 0.03
1.30 2.0 0.08
1.40 2.0 0.33
1.50 2.0 1.45
1.60 2.0 2.50
0 0 0
1.50 1.0 0.13
1.50 2.0 1.48
1.50 3.0 1.80




Table 46. The thermoelectric sensitivity and
departure from linearity of two
different samples of constantan wire
(against copper) about different
initial temperatures

Sample T, x g Y 5 e10
_NO.
10 39.35 | 0.0358 | 0.00055 | 0.01 0.05
20 40.23 0.0522 | 0.00055 | 0.02 0.07
1 20 | uil.uk | 0.0686 | 0.00055| 0.02 | 0.09
Lo §2.98 0.0850 | 0.00055 | 0.02 0.10
10 39.08 0.0216 | 0.00069 | 0.01 0.03
20 239.85 0.0360 | 0.00069 | 0.02 0.06
L 30 | u1.03 | 0.0514 |0.00069 | 0.02 | 0.07
Lo u2.60 0.0648 | 0.00069 | 0.02 0.08

To,o(, B, y, are constants in the equation
E(T, + h) =moc, +xh + BhZ + yh>
where To is the initial temperature in °C.
h is the departure from T, xis in uv/°C.,
B is in uv/°C2, and yis in pv/°C?

05 and °10 are the maximum values of the errors

introduced by assuming the thermocouple char-

acteristics to be linear about ’1‘Q for =5<h<+5 and

=10<h<+10 respectively.
beneath o and e o &re in °c.

The entries in the columns
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Teble 47. Values of resistance, relative to Ty
to provide correct sensitivities for

various voltages applied to the ref-

erence junction

Applied Third
[l | ™72 | Gheeer | 5™
of E.M.F.

2,60 = 0 oo
2.61 520 2 2600
2.62 260 L 1300
2.63 173 6 870
2.64 130 8 650
2.65 104
2.66 86.7
2.67 4.3
2.68 65.0
2.69 57.8
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Table L48. Design sheet for a particular reference

Jjunction

E given 2.600 volts
To 295 °K *
he 10 °C
Tga { decided 233 °K *
Ty, 303 °K *
TEc 313 °K *
dv/dt 40.25 uv/°c
Re measured 1950 ohms
b 3291 °K

r calculated *# 1356 ohms
r, calculated **= 2.32L4 ohms
r3 =T, 2.324 ohms
rua 3502 ohms
P gi‘f“d to 2835 ohms
rhc required TE 2394 ohms
r

Oa 2.3 ohmse
rgb 5.5 ohms
rlo 56 ohms

* ?K are taken to be °C + 273

** Equation 2 p.175 of text.
#s% Equation 5 p.176 of text.

For explanation of the symbols see Pep. 174-183.
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Chapter 10

The Cardiotachometer

Earlier workers (Horton, 1938; Henry, 1938) have des-

cribed methods of measuring heart rate based on electro-

cardiography. Their instruments have been used in
studies on humasns, for which purpose they have proved
very satisfactory. It was found at an early stage in
the present work that major difficulties existed in the
use of such instruments in the psychrometric chamber.
It was found with the calves that (1) the amplitude of

the waveforms appearing on the surface of the calves wg

in general much smaller than those for humens, (2) under

the conditions of these experiments it was impossible
satisfactorily to insulate the animals from comparative
large stray fields of electrical mains leakage current
which existed in the chamber owing to the proximity of
heavy electrical equipment, and (3) the animals very

frequently moved their heads, legs and tails, and twitghed

thelr skins, devdl oping large muscle potentiasls which
completely masked the cardiac potentials. It was ther
fore decided that in the new design of instrument, as
well as a direct meter display of heart rate it would

be necessary to provide a permanent record of each in-

dividual heart beat which would be suitable for counting

at some other time. It was later found that frequent
monitoring of the apparatus was necessary as potentialj
coinciding with the respirations of the animal could b
confused by the tachometer with cardiac potentials. It

was also noticed that considerable DC potentisls were

re

ly

=
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developed between the electrodes when in place on the
animal, and that under these circumstances AC coupling
between the electrodes and the amplifier was necessary.

The cardiotachometer was therefore designed to

embody the following features:-

(1) An amplifier with a noise level below 10 pV and with

a gain of approximately 500, OO0 so that an input of

100 uV could produce a 1 cm. deflection on a monitoriﬁg

cathode-ray tube.

(2) A coarse gain control with 10dB steps and a fine gﬂi

control giving continuous adjustment from O to 15d4B.

(3) A choice of coupling time constants between stages,

ranging from 0.02 sec. to 4 sec. The smaller values

n

enable the peeked R wave to undergo optimum amplification,

and also reduce the blocking time due to very large
potentials charging the coupling condenser via the gri#
of the following valve. The highest value provides

adequate coupling when the amplifier is used as an

electrocardiograph.

(4) Rffective means of eliminating or considerably re-
ducing 50 cycle mains interference.

(5) A monitoring 1" cathode-ray tube and time-base fon

(6) Provision for the output from the amplifier to be
directly coupled to an external oscillograph whose trac@

mey be photographed to provide a permenent electrocardip
graphic record when required.

(7) A triggering circuit which is triggered once by eac#x

heart beat.

it.
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(8) A meter to read heart rate directly.

(9) A means of generating a pulse from each heart beat
of sufficient power to operate an electromagnetic marke:

for writing on a kymograph.

timing accuracy and stability are much better than 1%,

magnetic marker for writing on a kymograph.

Fig.3l is a circuit diagram of the instrument.
V1l and V2 are aged and matched and form a balanced input
amplifier, the common cathode load of which is V3. R1ll

provides negative current feedback to V3 and so its out

of the amplified in-phase component of the input signal
is effected via the common cathode load of V4 and V5,

of V3, (and hence the rejection ratio of the complete
circuit) to a very high value. VL4 and V5 are directly

to hold constant the mean anode voltage of V1 and V2 so
that V4 and V5 are always working on the linear portionk

of thelr characteristics even though the mean input vol

tage to V1 and V2 changes, or the valve characteristics
or supply voltages change. R10 allows the standing
anocae voltages of V1 and V2 to be adjusted to equality;
R3 allows the balance of the inputs to V1 and V2 to be

82 is a gain control giving attenuation steps of 104B,

and R19 glves continuously varisble ad justment of atten

e

(10) Generators of 1 sec. and 5 sec. marker pulses whose

Paving an output of sufficient power to operate an electro-

put impedance is large (250K approx.). Further feedbagk

and the resistor R23, further raising the output impedance

coupled to V1 and V2 and the feedback via R23 also serves

adjusted for optimum rejection of in-Phase input voltagps.
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uation from O to 15dB. S1 gives a choice of AC or DC
coupling from the electrodes and provides a calibrating
pulse of 1lmV amplitude and 1 sec. repetition rate.

V4 and V5 are condenser-coupled to the cathode-

L

followers V6. S3 allows the time constants of the
coupling network to be varied from 0.02 sec. to L4 sec.
R31l serves as a shift control for the anode voltages of

the following stages.

V6 matches the high impedance outputs from Vi

rJ

and V5 to the low impedance inputs of the Twin-T filte]
networke consisting of R33/35 C13/15 and R36/38 Cl16/184
These provide a practically infinite attenuation at a
frequency of 50 c.p.s. but very little attenuation at
frequencies on either side of it. S4 allows these
filters to be placed in or out of circuit and may be
used to reverse the polarity of the signals fed to V7
and V8.

V7 is another balanced amplifier and provides

a symmetrical input to the vertical deflector plates

of the monitoring cathode-ray tube V22. It also provides

the signal to operate the triggering circuits of V9 ete¢
V8 is a cathode-follower providing an output at
approximately earth potential for an external oscillos

on whose screen may be photogrephed the electrocardiac

waveforms. R42 is an amplitude control and also alloLs

the polarity of the outgoing waveform to be reversed.

V9a is an isolating stage between the amplifiep

and the triggering circuits. In the absence of an

input signal its grid is biassed to -32V; V10a is con

ducting, its grid being clamped at 15V by the diode V18b

bope
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The network consisting of R55, R53 and R48 holds the
cathode of V9a close to -=-32V. Thus positive-going

pulses applied to the grid of V9a appear at its cathode,
and so at the grid of V9b. V9b and V10a together forl
a triggering circuit such that when the cathode voltage
of V9a approaches O (i.e. when a signal of approximately
30V is applied to the grid of V9a) the cathode voltage
of V10a falls from 15V to OV. At the moment of trig-
gering the yrid voltage of V10a is driven negative with
respect to its normal voltage by an amount equal to th%
potential difference between the cathode of V17a and the
anode of V18a, i.e. 200V. It then rises exponentially
towards +100V as C22 charges via RbL, with time constant
R54C22. As 1ts grid reaches approximately OV, V10a
starts to conduct and positive feedback via C21 producgs
a cumulative action which causes a rapid increase of

grid voltage of V10a after this point has been reached.
V18 clamps the grid voltage at 15V when the cycle is

complete. Thus there appears at the cathode of V10a

a negative-going pulse of duration 0.2 sec. and amplityde

15V, whose stability is very nearly independent of valje
characteristics. During the pulse, i.e. when V10a is
not conducting, the cathode of V9a rises to +15V and 80
isolates the triggering circuits from all input voltagds
to V9a of amplitude less than 45V; the duration of thd
output pulse is thus not affected by input pulses which
may occur within 0.2 sec. of a pulse which triggers thq
circuit. The output pulse from V10a passes to the

cathode-follower.VIOb which provides sufficient power

to drive a pen attached to a modified highespeed relay,
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and. produce a mark corresponding with each heart beat

on a kymograph.

The valve~voltmeter V11l measures the mean volt&ge

at the cathode of V10a, which is a linear function of
heart rate. R67 and C24, with Miller feedback on V1l
provide a time constant of integration of approximately
15 sec., and C23 passes the residual impulses at the
grid of V1lb to the grid of V1ila so that a steady metex
deflection (with a waver of less than 1 beat/min) is

obtained. M1 has two ranges, 0-100 and 0-250 beats/min.,

the desired range being selected with S5, R6l allows fgr

the setting of the zero of the meter.

V12 serves as a low impedance source of +100V.

V13 is in a phantastron circuit. From its

anode is obtained a sawtooth waveform to provide a time-

base for the monitor tube V22. The phantastron is
triggered at the suppressor grid of V22 by the output
pulse from V10. The rate of fall of anode voltage

is determined by C25, R74 and the voltage at the junction

of R66 and R73. This latter voltage is determined by

the voltage at the anode of V1lb and hence is a linear
function of the heart rate. By céreful desligh it has
been found possible to make the timebase speed vary
linearly with heart rate over a range of 4O to 250
beats/min. The timebase lasts for approximately 1%
heartbeats so that a complete cycle of the cardiac wav
form is always visible independently of heart rate and

without the necessity for adjustment. The circuit

triggers on every second beat. The cathode-ray tube

has a long afterglow screen and so waveforms at very
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low rates may easily be observed. Spot flyback 1is
suppressed in the c.r.t. by means of the negative-going
pulse from.the sereen-grid of V13, the time constant of
C32R111 being sufficiently large to hold the grid of V22
negative during the flyback; the diode V23 prevents
the grid from going positive on the tralling edge of the
blackout pulse.

V14 is a multivibrator giving timing pulses at
1l sec. intervals. In such & multivibrator each triode

acts merely as a switch, in one position of which the

diode V21, and in the other position it is connected to
the 300V line via R91 (or R87). Thus C27 alternately
discharges via V21b and R86, and charges to 300V via
ROl and the grid-cathode current of V1iib to earth.
Switching is performed during the discharge part of the
cycle, i.e. when the grid voltage of the triode rises

above cut-off, Since the grid- cathode voltage for

switching occurs when the voltage across R86 is 106V,
i.e. approximately one third of the voltage to which C27
was charged. The output from this multivibrator is
developed across R88 and R89. During the part of the
cycle when Vliha conducts, this valve passes 1lmA anode
current. During the early stages of this part of the
cycle the grid current of Vlha also passes through R88
end R89 and this is initially 0.8mA falling to zero in
approximately 0.2 sec. The voltage waveform at the
cathode of Vlka is thus an initial rise to 18V, falling
exponentlally in approximately 0.2 sec. to 10V at which

top of C27 (or C28) is connected to the 100V line via qhe

cut-off for the 68SL7 is -6V at an anode voltage of BOJV,
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level it stays until 0.5 sec. after the initial rise.
This is followed by a fall to OV lasting 0.5 sec. The
whole cycle is continuously repeated with a period of
1 sec. +1%. In practice it has been found that over
12 months no error approaching O.4% could be detected
whenever the rate was checked with a stopwatch.

A similar but attenuated waveform appears acrosg
R89 and this is further attenuated to 1lmV initial peak
to make & calibrating pulse availsble on Sl.

The output from the cathode of V1lha is taken to
the cathode-follower V16b from which is available suff-
icient power to actuate an electromagnetic time marker
on the kymograph.

V15 provides a 5 sec. marker pulse by counting
down the 1 sec. pulses from V14. V16a is the cathode~
follower to supply 5 sec. pulses for the kymograph time
marker.
The instrument derives its powser from a standard
power pack delivering 440V D.C. unstebilised, 300V D.C.
stabilised, =150V D.C. stabilised, and -500V D.C. unstap-
ilised. Valve heater supplies are derived from a conskant
voltage transformer. |
This instrument has proved to be very efficient
in 'reading through' interference of all types, and al-
though on occasion the meter indication has been in errpr
due to severe interference, it has been possible to detect
on the monitor that error exists and revert to the kymo-

graph record from which sufficiently long periods.of

interference~-free traces are available for accurate

counti nge
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Key to Fig. 32

R91 330K 2% HS T c23 2x7 600V

RL47 2.2 A
gg; L70K 2% HS R92 2.2M approx. HS 2ws#* || c24 2uF 600V
pot R49 100K 20% R93 L.7K 20% C25 0.035uF 0.5% mica
2% H8 R50 33K &% HS R9L4 1M 10% C26 0.01uF
5% 88 R51 120K 2% HS R95 330K 5% HS C27 0.205uF 0.5% mica
¥ HS 2w R52 330K 10% R96 100K 5% HS C28 0.205uF 0.5% mica
2% HS 1w|] R53 680K 2% Hs R97 6.8 1% HS C29 O.5pF 5% ov
I H3S 2w] R54 3.3M X HS . R98 15K 10% C30 O0.1luF
2% HS 1w R55 120K 2 HS 1w R99 3.3 2% HS C31 O.1yF
pot R56 56K 10% R100 2.2 2% HS C32 0.1uF
2% H8 1w | R57 680K 20% R101 1M 20% C33 ©0.1uF 1000V
2% HS R58 15K &% HS R102 100K 20%
2% Hs R59 L7K  10% R103 1M 20% S1 Oak type H 2p3w
2% HS R60 39K ¥ Hs R105 100K 20% S2 Oak type H lp5w
2% HS R61 200~ pot R106 2.2K 20% 83 Oak type H 2pLw
IX B8 ow| R62 6.8k 1€ HS R107 2.2k 20% S4 Oak type H 2puw
2% HB .1w R63 1M 10% R108 470K 20% S5 Oak type H llw2wafer
1 BB 2w ] R6L 120K 1K Hs R109 200K pot .
pot RE5 180K 1% HS R110 100K 20% | vi  Er37a
2% =S R66 2.2 g HS R111 1M 20% V2 EF37a
2% HS R67 1.5M 1 V3 EF37a
2% Hs R68 18K ¥ HS *#3elected to .glve V4 EF37a
2% Hs R69 18K 1% HS 1 sec. period. V5 EF37a
2% Hs R70 1K approx. HS® Vé 68L7
10% R71 1K 5% Hs Cl LuF V7 68L7
10% R72 47K approx. HS* C2 Lup V8 68L7
10% R73 3.3M 1% Hs C3 8uP LSOV V9 68L7
10% R7L 2.24 5% =B c4  100pF V10 6SL7
108 R75 680K I& HS C5 LuP 600V V1l ECC35
10% R76 330K 1% BS C6  0.5uF V12 EF50
t R77 18K 5% C7 O.luPF V13 6&F32
285 R78 18Kk 5% : 08 0.02uF V1L 68sL7
% ‘H8 R79 56K % 1w C9 LuPF 600V V15 68L7
1% Es R8O 6.88 Cl0 O.5uF V16 68L7
1% 'HS R81 4. ” Cll O.luF V17 EB91
1% B8 - R82 1M %g Cl2 0.02uF V18 EB91
- 1% H8 - R83 220K Cl3 0.0350uF 0.5% mica | V19 EB91
1% B8 | R84 820K lg Ol 0.0350uF 0.5% mica | V20 EB91
-3 w] R83 1ok 10 Cl15 0.070 0.5% mica | V21 EB91
_. lw} R86 2.2 I& Hs 2w 016 0.0350uF 0.5% mica || V22 ELI03/M/L
10% lw ] R87 330Kk & Es Cl7 0.035 0.5% mica || V23 D1
- pot. R68 10k & =S Cl8 ' 0,0700uF 0.5% mica
% R89 110w 2 HS Cl9 100pr
L5 R90 '1.8K HS C20 0.05uF 1000V
10% C2l O0.05uF 1% mica
- 20% *Selected to suit M1 C22 0.0654uF 0.5% mica
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Chapter 11

Sumnary to Part II

In order to prepare for a large programme of investi-
gations into thermoregulation in the bovine, and to
perform the experiments which are descriﬁed in Part I
of this thesis, a large amount of technical preparation
was necessary. A psychrometric chamber was built by
a commercial firm of ventilating engineers, but after
testing it the author was obliged to design and developr
control systems to maintain the air temperature at any
desired level between 15°C. and 45°C. with an accuracy
of + 0.2°C., and the absolute humidity constant at any
level between 5 and 55 mg/l. with an accuracy of +1 mg/lL
These were eatisfactoﬁily completed, with the exception
that neither physical guaintity can be reduced below the
valus prevailing outside, since no refrigeration is
provided.

Thermistors and magnetic amplifiers are used inl

the control systems, and special technigues have been

controlled by wet- and dry-bulb thermometers.

A number of special thermometric techniques werge
developed by the author, and a multipoint thermocouple
thermometer was designed, in which a number of difficul

ties, enhanced by the high degree of accursacy required
and by the environmental conditions within the psychrom

——

chamber and observation room, were overcome. This

thermometric installation is capeble of measuring

developed by means of which asbsolute humidity is directly

tric
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temperatures from 12°C. to 48°C., with an accuracy of
+ 0.1°C. between 15°C. and 45°C. The author designed
a speclal reference junction which maintains its
effective temperature constant to within + 0.05°C.
although its actual temperature, or the ambient temper
ature may vary between 10°C. and 30°C. Two versions
of this reference Jjunction are described, one of which
is battery—opefated and the other is mains-operated.

It was found that the thermoelectric powers of

the constantan wires used in the thermocouples and the

leads were so different from batch to batch that no thin

(40 S.W.G.) wire could be obtained which satisfactoril
matched the thicker lead wire. Consequently a method
was developed by the author by means of which the powe
of the thin wire could be accurately and reproduclibly
reduced to be sufficiently close to that of the lead
wire, and which retained its new value for a long time
In order to select for reading any one of a
large number of thermocouples it was found advisable t{
switch both copper and constantan leads. Under the
conditions of use in the observation room, where large
temperature gradients exist, and large variations of
ambient tempefature with time frequently occur,
commercial switches were found to be unsuitable since

unwanted thermoelectric forces could be generated at

bt J

the switch terminals. Consequently the author devise

modifications to wafer-type switches which reduced suc

errore to negligible proportions.
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Finally a cardiotachometer designed by the
author is described, which enables the heart rate of
| experimental animals to be measured and recorded rapid-+
ly, remotely and accurately.

Without the special techniques and apparatus
described in Part II the experiments of Part I would

not have been possible.
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