Appendix A. Wellbore heat-transmission model
This appendix summarizes the transient wellbore heat-transmission model used to generate the synthetic distributed temperature sensing (DTS) responses discussed in the main text. The model is used only to test the isotherm-slope flow-profiling workflow and to examine thermal-front retardation. It is not required for the field flow-profile calculation, which uses the measured DTS temperature record and the measured wellhead flow rate directly.
[bookmark: Xb1b63b4206e65447cfed3babd2e9d8b02c0ddcd]A.1 Coordinate convention and wellbore energy balance
Measured depth, , increases away from the wellhead along the deviated borehole. The thermal model is written using an along-well coordinate, , measured in the direction of active wellbore flow for the phase being simulated. During injection,  increases downhole, in the direction of increasing measured depth but along the deviated well. During production or backflow,  increases uphole, opposite to increasing measured depth. With this convention,  denotes the wellbore throughflow rate and is positive in the direction of active flow.
This use of  is distinct from the interval-exchange quantity reported in the main text. The net exchange with the formation across interval  is denoted  and is calculated as , where “in” and “out’’ are defined along the active wellbore-flow direction. Thus  indicates loss from the wellbore to the formation, whereas  indicates gain to the wellbore from the formation. In the synthetic model, prescribed gains and losses are represented as discrete changes in the throughflow  across specified exchange locations. Between exchange locations,  is treated as locally constant along .
Consider a fixed control volume of wellbore fluid with cross-sectional flow area  occupying the interval  to . The thermal energy content of the fluid is

where  is the wellbore-fluid temperature and  is the volumetric heat capacity of water. Conservation of energy requires that the change in stored heat equal the net advective heat flux plus radial heat exchange with the wellbore structure and surrounding formation:

where  is the radial heat-exchange rate per unit length, taken positive when heat flows into the wellbore fluid. Dividing by  and taking the limit  gives, within intervals of constant ,

Equation (A.3) is the energy balance for the advecting fluid alone. For the coiled-tubing deployment considered here, the thermal mass of the wellbore structure also affects the apparent velocity of thermal fronts and is included as an effective storage term.
[bookmark: Xc42983f77111627128c34ebdfc39f90e4d4e885]A.2 Flow area and effective wellbore heat capacity
During the huff-puff tests, flow occurred in the annulus between the production casing and the coiled tubing. The advective flow area is therefore

Here  is the casing inner diameter and  is the coiled-tubing outer diameter. For Test 1,  cm (5.920 in.) and  cm (1.75 in.). Using the annular area rather than the full casing bore increases the fluid velocity for a given flow rate and is therefore important for thermal-front timing.
The fluid exchanges heat with steel casing, coiled tubing, and other near-wellbore material that are not resolved explicitly in the one-dimensional model. This added storage is represented by an effective volumetric heat capacity referenced to the annular flow area:

Here  is the combined steel cross-sectional area of the casing wall and coiled-tubing wall,  is the steel volumetric heat capacity, and  is an effective thermal-mass factor. The factor  scales stored heat, not the rate of radial heat exchange, which is set independently by the closure in Section A.3. Setting  represents the steel geometry alone; values above unity represent additional near-wellbore thermal storage that is not resolved explicitly, principally cement and the immediately adjacent rock.
 was calibrated by matching the apparent thermal-front retardation, defined as the ratio of the piston-flow velocity to the isotherm velocity, over the interval above the shallowest Stage 5 perforation. No fluid enters or leaves the wellbore there, so the isotherm advances at the retarded front velocity alone. A value of  gives a modelled retardation of 2.55 against 2.48 observed. It is used only in the synthetic heat-transmission model and is not part of the field isotherm-slope flow calculation.
With this composite storage term, Eq. (A.3) becomes

It is useful to define a wellbore thermal-retardation factor,

Dividing Eq. (A.6) by  and defining the annular fluid velocity  gives

Equivalently,

Thus, composite wellbore heat capacity retards the apparent thermal-front velocity relative to the fluid velocity and also reduces the rate at which radial heat exchange changes the fluid temperature.
[bookmark: X39ad9d1b22e618978b3d36a9b5d8b6d69c71a1c] is not the total retardation. Steel geometry alone () gives , which accounts for approximately 30% of the observed excess retardation above piston flow and is the basis for the partition quoted in Section 3.3. The remainder arises from radial heat exchange with the formation and from the near-wellbore storage represented by . With , .

A.3 Radial heat exchange and thermal-history correction
Radial heat exchange with the formation is approximated using the classical line-source response. For a constant heat-extraction rate  beginning at  in an infinite medium with thermal conductivity  and diffusivity , the temperature depression at radius  is

where  is the undisturbed geothermal temperature profile expressed along the active-flow coordinate and  is the exponential integral. Evaluating at an effective wellbore radius  and solving for  gives

Equation (A.11) is appropriate for a single disturbance with a single elapsed time. The huff-puff test, however, contains a thermal history: injection cools the near-wellbore region before production/backflow begins. To retain this memory in a simplified way, the model uses superposition of past changes in radial heat exchange. If a change  occurs at time , its contribution to the wellbore-wall temperature depression at time  is

The cumulative temperature depression from prior heat extraction is therefore approximated as

The model then defines an effective far-field temperature,

and replaces  in Eq. (A.11) with . This approximation allows cooling from the injection phase to influence the subsequent production phase without resolving a full radial temperature field around every along-well cell.
The exact exponential-integral kernel is retained in Eq. (A.13) rather than using the long-time logarithmic approximation. This is important because the superposition sum contains short-lag terms immediately after each change in heat exchange. At short lag, the argument of  is large, and the long-time logarithmic approximation is not valid.
[bookmark: Xe5c770d2c40e8755217a1e4987f5b33343878d6]A.4 Relation to the quasi-steady Ramey formulation
If the wellbore storage term in Eq. (A.3) is neglected, the energy balance reduces to a quasi-steady ordinary differential equation along the active-flow coordinate:

For a cell of length  and locally constant , the corresponding marching solution is

The quasi-steady form is valid only when transient storage in the wellbore is small compared with advective transport. A scale analysis of Eq. (A.6) gives

where  is a characteristic wellbore length,  is the fluid residence time, and  is the timescale over which the imposed temperature or flow boundary changes. For the huff-puff tests considered here, the annular residence time and injection/backflow duration are of the same order, and the injection-to-production reversal imposes an abrupt change in boundary condition. The quasi-steady approximation is therefore inappropriate for these short-duration tests, and the transient form is retained.
[bookmark: X14f76659297ed3e277be8964efcbcbe40fa23b9]A.5 Governing equation used for synthetic DTS generation
Combining the composite wellbore storage term with the radial heat-exchange closure gives the equation used to generate the synthetic DTS responses:

Here  is the prescribed synthetic throughflow profile, and prescribed gains and losses are imposed as changes in  across specified exchange locations. The exchange values reported in the main text are the corresponding interval differences, , not the throughflow  itself.  is given by Eq. (A.14). Dividing by  gives the retarded advection-relaxation form

where

This model is intentionally simplified. It is designed to create synthetic thermal fronts with known throughflow changes so that the isotherm-slope recovery calculation can be tested. It is not a calibrated representation of all wellbore, fracture, and near-wellbore heat-transfer processes at Utah FORGE.
[bookmark: a.6-numerical-implementation]A.6 Numerical implementation
Equation (A.19) is solved using backward-Euler time stepping and first-order upwind spatial differencing. Because  is defined in the active-flow direction for each phase,  is positive during both injection and production/backflow. The upwind node is therefore the node with smaller . A small numerical-diffusion term is included for stability in the synthetic calculations; this term represents grid-scale stabilization and is not interpreted as physical axial conduction.
At grid node  and time level , the discretized equation can be written as

where

The resulting linear system is tridiagonal and is solved at each time step. During injection, the temperature boundary condition is imposed at the wellhead. During production/backflow, the along-flow coordinate is reversed and the temperature boundary condition is imposed below the deepest stimulated interval, in the barefoot/rathole section, so that the imposed boundary does not directly set the Stage 1 thermal response.
At very small elapsed time, the ideal line-source closure can produce unrealistically large relaxation coefficients because it neglects finite wellbore radius and finite near-wellbore thermal resistance. The numerical implementation therefore bounds the short-time relaxation coefficient during the earliest steps. This is a regularization of the idealized line-source approximation, not a separate physical process. The regularization is inactive once the elapsed time is large enough for the line-source closure to behave smoothly.
[bookmark: a.7-limitations-of-the-synthetic-model]A.7 Limitations of the synthetic model
The synthetic model is intentionally simpler than the field system. Its main limitations are as follows.
· Stage gains and losses are represented as prescribed changes in throughflow at discrete locations. Distributed exchange along perforation clusters, fracture-entry mixing, and local recirculation are not explicitly resolved.
· The synthetic model is initialized with the measured pre-injection temperature profile rather than an idealized linear geotherm, and that profile also serves as the far-field target toward which the wellbore relaxes. This anchors the synthetic temperature field to the observed thermal state, allowing the synthetic and measured isotherms to be compared at common contour levels, but it means that any departure of the pre-test profile from a smooth gradient enters both the initial condition and the relaxation target. Such structure is not separable from method error in the recovered flow distribution, so the errors in Table 1 are best read as an upper bound on the error attributable to the isotherm-slope method itself.
· The effective wellbore heat capacity represents fluid, casing, coiled tubing, and unresolved near-wellbore thermal storage with a single composite parameter. This parameter is useful for synthetic front generation but is not a unique estimate of physical heat capacity.
· The steel is assumed to remain in local thermal equilibrium with the adjacent fluid over each time step. Finite fluid-to-steel heat-transfer lag is not resolved.
· The radial heat-transfer closure uses an idealized line-source response and therefore does not fully represent finite wellbore radius, cement, casing eccentricity, or fracture-controlled heat exchange.
· The thermal-history correction is implemented through a lagged superposition term. This captures first-order memory from prior heat extraction but is not a full radial heat-conduction solution.
· Numerical diffusion is used only to stabilize the synthetic calculation and should not be interpreted as physical axial heat conduction.
These limitations do not affect the field isotherm-slope calculation directly. The field calculation depends on ratios of observed isotherm velocities within a given flow phase, whereas the model in this appendix is used to generate synthetic DTS responses with known prescribed throughflow profiles.
[bookmark: nomenclature]Nomenclature
	Symbol
	Meaning
	Units

	
	annular flow area
	m2

	
	casing-bore area
	m2

	
	coiled-tubing outer area
	m2

	
	combined steel wall area
	m2

	, 
	specific heat capacity of water and steel
	J kg-1 K-1

	
	numerical diffusion coefficient
	m2 s-1

	
	exponential integral
	-

	
	cumulative temperature depression from prior heat extraction
	K or deg C

	
	radial heat-exchange relaxation coefficient
	s-1

	
	characteristic wellbore length
	m

	
	radial heat-exchange rate per unit length, positive into fluid
	W m-1

	
	wellbore throughflow rate, positive in the active-flow direction
	m3 s-1

	
	net exchange across interval , 
	m3 s-1

	
	effective wellbore radius for radial heat exchange
	m

	
	wellbore thermal-retardation factor
	-

	
	along-well coordinate measured in the active-flow direction
	m

	
	wellbore-fluid temperature
	deg C

	
	undisturbed geothermal temperature profile expressed along 
	deg C

	
	effective far-field temperature corrected for prior heat extraction
	deg C

	
	dimensionless line-source time, 
	-

	
	annular fluid velocity, 
	m s-1

	
	thermally retarded front velocity, 
	m s-1

	
	measured depth along the deviated borehole, increasing away from the wellhead
	m

	
	formation thermal diffusivity
	m2 s-1

	
	change in radial heat-exchange rate at time 
	W m-1

	
	formation thermal conductivity
	W m-1 K-1

	
	volumetric heat capacity of water
	J m-3 K-1

	
	volumetric heat capacity of steel
	J m-3 K-1

	
	effective composite volumetric heat capacity
	J m-3 K-1

	
	characteristic forcing time
	s

	
	fluid residence time, 
	s

	
	effective thermal-mass factor
	-




