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A M0thod for Calculating Circulating Temperatures 

ABSTRACT 

A. F. TRAGESSER 
JUNIOR MEMBER A/ME 

PAUL 8. CRAWFORD 

HORACE R. CRAWFORD 
MEMBERS AIME 

A method has been developed <o calculate wellbore 
teMperatures during mud circula~ion and the actual ce­
menting operation to aid in the design of cement slurries. 
The method agrees within JOF with previously measured 
values. The calculation techniqrte provides temperatures. 
as fun::tions of time, at varying depths in both the casing 
and annulus. The technique also provides this information 
if a relc:ively cool cement slurry is pumped into the well 
immediately following circulation of hot mud. Circulating 
bottom-hole temperatures of brine and a bentonite mud 
were measured. 

INTRODUCTION 

As wells are drilled deeper, greater demands are being 
made on all phases of the industry, and new technology 
has been developed to provide satisfa.ctory well comple­
tions. However, little or no work has been conducted on 
accurately determining bottom-hole, static and circulating 
temperatures. 

In designing a cement slurry, such factors as density, 
fluid loss control, viscosity, deterioration from tempera­
turtl, compressive strength and pumping time must be 
considered. Individual well conditions often make it neces­
sary to include still other factors. Pumping time is a pri­
mary consideration and, as wells are drilled deeper, en· 
countering higher bottom-hole temperatures, this property 
becomes even more important. Cement slurries must be 
designed with sufficient pumping time to provide safe 
placement in the well; however, the slurry cannot be overly 
retarded as this will prevent the development of satisfac­
tory compressive strength. 

The pumping time of a specific cement is currently ob· 
tained by subjecting the cement to simulated conditions of 
temperature and pressure. A reasonably accurate bottom­
hole pressure may be obtained by considering hydrostatic 
heads of fluids, friction pressure and wellhead pxessures. 
However, accurately determining bottom-hole tempera­
tures is much more difficult. Bottom-hole static tempera­
tures are estimated by considering several sources of in· 
formation, in~luding logging temperat~re.s, published tem­
perature gradient maps and field expenence. This informa­
tion is usually questionable due to disagreement of data 
from the various sources. 

Temperature gradient maps were constructed based on 
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temperatures recorded many years ago while running 
bottom-hole pressure tests. These thermal gradients then 
represent an average of well conditions and cannot always 
apply to a specific well. Also, logging temperatures may be 
affected by the time since fluid was last circulated rate of 
penetration, circulating rate and many other 'factors. 
Therefore, even though logging temperatures are available, 
the question still exists as to the correction factor that 
should be applied to obtain an accurate static temperature. 

After obtaining static bottom-hole temperature, it is then 
necessary to relate this to circulating temperatures actually 
encountered by the cement slurry. This is accomplished 
by selecting a test schedule from the API RP-IOB corre­
sponding to the estimated well conditions.• 

The API-recommended practice for testing oilwell ce­
ment provides testing schedules for various well depths 
and concitions. These schedules are intended to simulate 
down-hole conditions during cementing. They provide a 
rate at which both temperature and pressure are increased 
until the estimated circulating conditions are reached·. 
These testing schedules represent circulating temperatures 
for a~ average well and, although there is flexibility in 
choosmg the test schedule that most accurately simulates 
the temperature of an individual well, it still is not pus­
sible to consider all the well conditions that will affect the 
bottom-hole temperature. 

Many factors affect cement temperatures; for example, 
the length of time a well has remained static prior to 
running casing and cementing, the circulation time, the 
temperature of fluids used in cementing, fluid density and 
flow properties of fluids. The pumping time for a typical 
retarded cement could vary from 2 to 4 hours with a lOF 
change in testing temperature. Variations in pumping time 
are the most critical in highly retarded cemen;s used in 
deep, hot wells; yt..t, predicting bottom-hole circulating 
temperatures is more difficult in these wells. 

This work was conducted to develop a means of calcu­
lating circulating temperatures as a function of well depth, 
casing and hole size, pumping rate and time, fluid and 
reservoir physical properties and thermal status of the weli. 

PREVIOUS WORK 

In 1941 Farris reported on a study to develop informa­
tion leading to a more practical laboratory evaluation of 
oilfield cementing mixtures and performance.' It was then 
recognized that the pressure factor was being neglected, 

•Reterenceo given at end of papel'. 
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and that the temperature did not simulate completely the 
conditions existing during cement jobs. Farris' study devel· 
oped a chart showing the circulating bottom-hole tempera­
tures during cementing operations, and this chart has 
formed a basis for tentative standards for testing oilwel! 
cements.' 

Farris' observations, which showed a direct relation be­
tween well depth and circulating bottom-hole tempera­
ture, have served as a guide in the past. It is well knowr. 
that static geothermal gradients may range :..-om 5 to 2SF/ 
1,000 ft; the circulation rates and pipe and hole sizes may 
vary appreciably; the weights and thermal properties of 
the fluid and rock may vary; and other f.tctors may affect 
cementing temperatures actually existing in the well. Farris 
showed that the bottom-hole temperature of a well may 
change 45F or more within 2 hours after cooled mud h'is 
started circulating. 

The work of Edwardson et al.' on drilling mud tempera­
tures indicates that the maximum temperature achieved 
by a cementing slurry does not occur at the bottom of the 
hole, but may occur on returning about 40 percent of the 
distance up the annulus. 

CALCULATION PROCEDURE 

Because many factors influence the temperature of a 
cementing slurry during placement, a study has been made 
to calculate transient cementing temperatures for various 
operating conditions. Factors to be taken into considera­
tion are well depth; casing ID, OD and steel thermal pro­
perties; hole size, pumping rate and fluid viscosity; fluid 
specific heat, thermal conductivity and density; rock speci­
fic heat, thermal conductivity and density and thermal 
status of the well, which may include the initial wellhead 
and bottom-hole temperatures just prior to cementing. 

HEAT TRANSFER EQUATIONS 

The heat transfer rate from the annulus through t~.e 
tubing is given by 

q-= UA!l.T . . . (I) 

The value of U is calculated by 

_____ = _ _i• + L,.A,_ __ + A, 
U h,A, k .. A .. ,... /1;:-A, (2) 

For turbulent flow the basic equation for h is' 

- - O.D2. - .. - --hD _ 7 ( DG )•·' (Cfl-)•·'"( f1- )•·" 
K 1'· k f.l.u· 

. . (3) 

For streamline flow the basic equation for his' 

The heat flow into the rock formation is given by 

q, = k •. {aT_} ar r=rlf' 
. (5) 

where the temperature poto:ntial for the case of a thermal 
film is given analytically by Carslaw and Jaeger.• 

For each increment in tubing depth and time, the change 
in temperature for the fluid in the tubing and annulus was 
required to satisfy the heat balance: net heat gain in an­
nulus fluid increment = heat flow from tubing fluid in­
crement minus heat flow. into the formation. The fore­
going group of equations may be solved and checked by 
use of the heat balance. 
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Knowing the pumping rate, fluid properties, casing and 
hole sizes, the Reynolds number of the fluid can be cal­
culated for flow in the casing and annulus. With the per­
tinent value of the Reynolds number and the conduit 
length-to-diameter ratio, values of the thermal film coeffi­
cients at the fluid-solid interfaces can be obtained.• The 
film coefficients and thermal properties of the pipe permit 
calculation of an over-all heat transfer coefficient between 
the fluid in the pipe and the fluid in the annulus. 

The radial heat flow from the formation into or f.r:om 
the annulus is provided by Fourier's equation in cylindrical 
coordinates. This equation has the same form as the wa­
ter influx equation, solutions for which have been present· 
ed by' van Everdingen and Hurst.• A thermal film coef­
ficient is calculated for the rock and annular fluid inter­
face and made a part of the computation.• 

The net heat flowing from the rock into the annulus 
depends on the thermal history and status of the wei!. 
This is account::d for by use of superposition as previously 
described.•·• To initiate calculations, well depth was di­
vided into from 5 to 40 increments; however, 20 incre­
ments Wf:re found to be the maximum required. For long 
cementing times, 10 increments might give satisfact,ry an­
swers, i.e., less than IF difference from the 20-increment 
calculation at any point in the well. 

Calculalions began with Edwardson et al.'s simplified 
temperature profile method.• This assumes the geothermal 
gradient is a straight line to within about 5 percent of the 
bottom; a 7F temperatures rise is then anticipated. Ed­
wardson et a/.' suggest that for most engineering purposes 
their procedure can be ~;sed to approximate the tempera· 
ture profile of a well after stopping mud circulation. This 
may require one temperature measurement at the bottom 
of the hole and a second measurement about 300 ft off 
bottom. Alternate methods are described in their paper; 
but whenever possible their technique was used with Far­
ris' data. 

The static mud temperature at the wellhead was usually 
set about half-way between a normal surface tempera­
ture of 75F and the mud pumping temperature. This alters 
the geothermal gradient from the true gradient; however, 
it was believed permissible since it is known that the static 
mud temperature will fall between the two temperatures, 
depending on length of time after stopping circulation. 
Farris' data indicated that equilibrium should be ap­
proached very soon after restarting circulation; therefore, 
small errors in the geothermal gradient may not cause 
large errors in the final circulating temperatures. 

HESULTS 

Farris presented data on observed bottom-hole circulat· 
ing temperatures, and mud suction and discharge tempera­
tures for five wells ranging in depth from 5,310 to 10,925 
ft. The static bottom-hole temperatures ranged from 136 
to 244F. Mud suction temperatures ranged from 96 to 
128F except in one case where a volume of the cooled 
mud (SOF) equal to the casing volume was circulated. 
Transient or time-dependent temperature data were pre­
sented only on Well 2 by Farris. Comparisons of calcu­
lated and observed temperature data on this well are 
shown on Fig. 1. 

Well 2 was 8,160 ft deep. The static bottom-hole tem­
perature was 195F and circulating bottom-hole tempera­
ture was 122F. Referring to the detailed work of Farris, 
it is seen that after circulation ceased the bottom-hole 
temperature could range along the dotted line within the 
above limits. The bottom-hole temperature was about 
t56F 34 hours after the test period began. This 156F was 
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used in calculations as the starting bottom-ho~e tempera· 
ture. The mud was pumped in at llOF arid observed 
bottom-hole a11d discharge temperatures were 122 and 
115F, respectively. Calculated results were 125 and l23F, 
respectively. Maximum annulus temperature was about 3F 
hotter than bottom-hole temperature. The pumping rate 
was 4.17 hbljminute and fluid viscosity was arbitrarily set 
at 10 cp. 

At a rate of 8.34 bbl/minute (immediately following the 
4.17 bbl/minu.e test) the bottom-hole temperature and 
circulating discharge temperature .wete 121.5 and ll6F. 
respectively. This compares with calculated values of 125 
and 117F (using 156F as the starting bottom-hole tempera· 
ture for each rate). In separate calculations the fiuid vis· 
cosity was increased to 25.0 cp and calculations were re­
peated. The resulting bottom-hole and circulating dis­
charge temperatures were about 116 and llOF, respective­
ly. Actual observed values were 5 to 7F higher. 

In a separate experiment Farris reported that two casing 
volumes of mud at 80F resulted in a bottom-hole tempera­
ture of 94F. (The first casing volume was pumped at 4.17 
bbl/minute, and the second at 8.34 bbl/minute an hour 
later.) A bottom-hole temperature of 93 to 92F was ;:al­
cu)ated (for two casing volumes at 4.17 bbl/minute). The 
API-schedule temperatures for an 8,000-ft well arc 125 and 
159F for casing and squeeze schedules, respe.:tively, while 
the· actual bottom-hole temperatures experienced in this 
case are 31 and 6SF less than shown on API schedules. 

For Well 3, observed bottom-hole and r:irculating dis­
<.:harge temperatures were 127.5 and 121F, respectively. 
Aft~r 2.5 hours of circulation, calculated values were cbout 
135 and l30F and were still cooling slowly. Farris did not 
report the time at which his measurements were observed. 
Table 1 summari:res Farris' observed values and those 
calculated in this work. 

TABLE 1-COMPARISON OF EXPERIMENT AND 
CALCULATED FLOWING TEMPERATURES 

Circulating Temperatures, •F 

Observed Calculated 
----·-··---- ··-·--- --

Assumed Maxi~· 
Rate VIs· Bot· Bot· mum 

Depth (bbl/ cosity tom Dis· tom Dis· Annu· 
Well _jft) _ mir!_~L _(cp) _ _Hole ~har~e Hole ~_arge ~ 

1 5,310 
2 8,160 
2 8,160 
2 8,160 
2 8,160 
2 8,160 

3 8,300 
4 9,923 
5 ]0,924 

Average 
deviation 

10.15 
4.17 
8.34 
4.17 
8.34 
4.17 

12.10 
9.65 
9.73 

Average absolute 
deviation 

10 109.5 105 104 103 106 
10 122 115 125 123 128 
10 121.5 116 125 117 127 
25 122 115 116 110 135 
25 121.5 116 122 116 126 
25 94 92 132 
(so· 

in) 
10 127.5 121 135 130 138 
10 137 121 140 127 145 
10 156 133 160 142 165 

····--··- .. DEVIATION~~------
B<>ttom Hole 

·1cic"P·- "'25CP" 
::5,5 -6 

3 +0.5 
3.5 -2 
7.5 
3 
4 

Discharge 
IOcp--25C:Il 
·-=-2 -=s-

8 0 
1 
9 
6 
9 

(+2.5) (-2.5) = (+5.2) (-2.5) 

4.6 2.9 5.9 2.5 

For the assumed 10-cp mud (Farris did not give fluid 
properties) the average deviations in bottom-hole and dis· 
charge temperatures were +2.5 and 5.2F. respectively. For 

ll.l·r-------·----r----------------------------
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FIG. 1-CE:I-IEN'l'ING TEMPE:RA'fURES, WELL 2. 
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TABLE 2- WELL AND CEMENTING CONDITIONS 

Well depth, ft 
Casing ID, in. 
Casing OD, ln. 
Hole size, in. 
Pumping rate, bbl/minute 
Cement temperature, • F 
Fluid viscosity, cp 
Fluid specific heat, Btu/lb, • F 
Fluid thermal conductivity, Btv/ft, "F 
Fluid densl~, lb/gal 
Rock specific heat, Btu/lb, "F 
Rock thermal conductivity, Btu/ft. •F 
Initial wellhead temperature 

just prior to cementing, "F 
Bottom-hole temperature 

just prior to cementing, "F 

10,000 
4.892 
5.50 
9.00 
10.0 
70 
25.0 
0.94 
0.37 
10.0 
0.21 
1.30 

135 

187 

a 25-cp fluid these deviations are both -2.5F, indicating 
that the actual apparent viscosity of the mud used by 
Farris was in the )0- to 2.5-cp range. 

EXAMPLE 
To provide insight into information that can be ob­

tained from this study, the data shown in Table 2 were 
used in producing the .temperature profiles given in Table 
3. The temperature history of a given element of fluid, 
as well as a given location, is provided. Table 3 also 
shows that maximum temperature experienced by the 
fluid may be one-third of the depth up from the bottom 
in the annulus. 

FIELD TESTS 
Although calc:.~lated temperatures for various well con· 

ditions agreed closely with those taken by Farris in 1938, it 
was felt that additional data should be studied using 
fluids of different flow properties and flow regime so that 
variations of bottom-hole temperature changes might be 
observed as forecast by the calculations. However, a 
search of the literature showed the only published data on 
actual measured bottom-hole circulating temperatures were 
those taken by Farris. 

To obtain additional circulating temperature, a well was 
selected in Matagorda County, Tex. It had been drilled 
and cased with 5lh ~in., 17 lb/ft casing, and 21/z -in. tubing 

was hung without a packer at 8,650 ft. Tests were con­
ducted measuring bottom-hole static temperatures and cir­
culating temperatures at pump rates of 2 and 6 bbl/minute 
using field salt water, and at 2 bbl/minute using a bento­
nite mud. It was felt that 2 and 6 bbl/minute circulating 
rates would approximate cement squeeze and casing ce­
menting conditions, respectively. 

The well was not disturbed for approximately 72 hours 
prior to starting tests. A high-resolution temperature tool 
was positioned approximately 5 ft above the bottom of the 
tubing. A static temperature of 250F was measured at this 
point. This gave a calculated temperature gradient of 
2.03F /100 ft, which compares well with a 1.75F /100 ft 
gradient shown for the area on published gradient maps. 
The well was then circulated with 8.4 lb/gal salt water at 
2 bbljminute for 2 hours and 40 minutes. Temperature of 
the water was constant at 76F. A plot of temperature 
measured at the bottom of the tubing is shown on Fig. 2. 
Measured fluid temperature at start of circulation was 
250F. After circulating at 2 bblfminute for 21;2 hours, the 
temperature of the fluid dropped 37°, cooling to 213F. This 
measured temperature of 213F agreed within 3F of the 
temperature calculated by the program. At the end of the 
circulating period a temperature profile was taken from 
8,650 to 25 ft; approximately 1 h(lur was required to log 
the profile. . 

The temperature tool was 'run back to bottom and meas­
urements were again taken while thl well was circulated 
with salt water at 6 bbljminute. The observed temperature 
when circulation began was 224F. Therefore, 1(1\~ well wa~ 
26F cooler than at the initial start of circulation. The well 
was circulated 56 minutes at 6 bbl/minute. Circulating 
temp;;rature at the end of this period was 196F, or a fur­
ther reduction of 28F and a total reduction of 54F below 
the observed static temperature. 

After being adjusted for this· specific bottom·holi.: static 
temperaturt>, the API testing schedules reflect a circulat­
ing temperature of approximately 163F. Tl'e final meas­
ured temperature after circulating 2 hours and 40 minutes 
at 2 bbljminute and 56 minutes at 6 bbljminute was 33F 
higher than the temperature predicted by the published 
s::hedules. The water flow pattern at both 2 and G bbl/ 

TABLE 3- CASI:'l~ AND ANNULUS TEMPERATURE DURING CEMENTING 

Pumping Time Pum~ing Time Pumping Time Pumping Time 
(0.0 hours) --~_9..1 4 hours) (0.388 hours) 

-- __ (9_.77_ i'l£lllrs) 
Percent Casing Annulus Casing Annulus Casing Annulus Casin~ Annulus 
Dep!!!_ Temp. (9 F) Temp. ("F) Temp. ("F) Temp. ("F) Temp. ( 9 F) Temp. ("F) ~mp. (_F) Te~p~_ ("F) 

0 128.7 124.1 118.8 
5 137.2 137.2 75.9 132.7 75.4 128.0 74.9 122.5 

10 139.5 139.5 81.6 136.5 80.7 131.8 79.6 126.0 
15 141.7 141.7 87.2 140.2 85.8 135.5 84.3 129.4 
20 144.0 144.0 92.6 143.9 90.9 139.1 88.8 132.5 
25 146.2 146.2 97.6 147.4 95.8 142.6 93.3 135.5 
30 148.5 148.5 103.1 150.8 100.6 146.1 97.6 138.2 
35 150.7 150.7 108.2 154.0 105.3 149.4 101.7 140.6 
40 153.0 153.0 113.1 157.3 109.9 152.7 105.8 142.7 
45 155.2 155.2 118.0 160.3 114.4 155.7 109.6 144.4''' 
50 157.5 157.5 122.5* 163.7 118.8 158.5 113.3 145.6 
55 159.7 159.7 148.6 166.0 123.0 160.9 116.7 146.5 
60 162.0 162,0 150.8 168.4 127.1 162.7 120.0 146.9 
65 164.2 164.2 153.1 170.9 131.0 164.0 123.0 146.8 
70 166.5 166.5 155.4 173.1 134.7 164.7 125.7 146.4 
75 168.7 168.7 157.7 174.6 138.1 164.9 128.1 145.6 
so 171.0 171.0 159.9 174.9 141.3 164.7 130.2 144.5 
85 173.2 173.2 161.9 174.0 144.2 164.0 132.1 142.9 
90 175.5 175.5 163.8 172.2 146.7 162.9 133.6 140.9 
95 177.7 177.7 165.3 169.7 149.0 161.4 134.8 138.6 

100 187.0 187.0 166.5 150.8* 135.6 

''Cement-mud Interface. 
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350~------------------------------------~----------------------

---- .. ---.. ----··-----

---- Measur.od Temperature While Circulating Gelled Vvater at l bbl. /min. 
--·--Measured Temperature While Circulating Field Salt Water at z bbl. /min. 
------Measured Temperature While Circulating Field Salt Water at 6 bbl./min. 
---- Cement TcsUng Temperature for Simulated Squec1.e Conditions 
- ··-- Cement TesUng Temperature for Simulated Casing Conditions 

50 C?mparison of Measured Bottom Hole Circulating Temperatures Whi!<• 
C>rculating at Z bbl. /min. and 6 bt /rrin. with Simulated Cement 
Testing Tcn1paraturcs for Casing and Sque<•7.e ConditionH. 

0 1.0 1.5 2.0 2.5 

TIME- HRS 
l•'tG. 2-0BSERVED CtRCUJ.ATING TEMN:RA'fURE. 

minute was turbulent. A temperature profile was again 
logged out of the hole at the end of the second circulation 
period. 

The well fluid was not disturbed for 12 hours and 
again a temperature profile was logged from sutf;ce to 
the bottom of the tubing. The bottom-hole temperature 
had returned essentially to static condition. Bentonite mud 
w~s then circulated for l hour and 46 minutes at 2 bbl/ 
mmute to observe the effect of changing fluid properties. 
The final observed circulating temperature was 173F ( 178F 
was calculated). The bottom-hole temperature decreased 
77F from 250 to 173F in 1% hours. The bottom-hole 
temperature was 216F at the same time period while cir-
culating at the same rate with salt water. · 

Test schedules for squeeze cementing again adjusted to 
this static tem,peratu:re would be 202F. The bottom-hole 
circulating temperature was 215F when the gelled water 
reached the temperature tool. The fluid then cooled to 
173.F during the remaining 81 minutes of circulating time. 
The temperature of the fluid was observed to be 13F 
higher when it reached the bottom of the tubing than the 
predicted testing temperature. Although further cooling 
to 173F did occur during the remainder of the circulation 
period, this probably would not have occurred on an actual 
sque~ since the pump rate is reduced and usually stopped 
for short periods after the cement reaches the bottom of 
the tubing and starts out the perforations. 

A 20F temperature decrease was noted when mud 
reached the temperature tool. The tubing was filled with 
salt water prior to pumping the gelled water. The large 
decrease in temperature that occurred when mud reached 
the tool confirms the significant role of fluid properties in 

NOVEMBER, 1967 

~irculating ~emperatures. A change in these properties 
Is not considered in currently published data on circu­
lating temperature. 

CONCLUSIONS 

A method has been developed for calculating transient 
te~peratures during a cementing operation. Comparison 
With what data are available in the literature indicates 
agreement within a few degrees. Maximum temperature~ 
occur in the annulus. This annulus temperature is several 
degrees higher than the bottom-hole temperature for all 
cases studied, but it is some 20 to 35F hotter when the 
j!Umping rate is'about 4 bbl/minute. This low rate provides 
a viscous flow regime for the fluid properties used. 

Bottom·hole temperature decreases if a higher viscosity 
(or relatively cool) fluid is pumped into the well. This 
change in temperature significantly affects the setti;,g time 
of most cement slurries. 

The scarcity of data on bottom-hole circulating tem­
peratures emphasizes the industry's need for additional 
data to insure better engineered completions of hot deep 
wells. ' 

NOMENCLATURE 

q :;;; heat transfer rate . 

U = over-all heat transfer coefficient 

A :;;; area perpendicular to heat flow 

T = temperature 

h = film coefficient 
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k = thermal conductivity 

D = effeotive conduit diameter 

G = mass velocity 

p. = viscosity of fluid 

p... = wall viscosity 

c = specific heat 

'" = radius of well 
Lm = thickness of metal pipe 
L = length of increment of pipe 
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